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A detailed study of the non-isothermal and the isothermal 
.sinterability-of aluminium hydroxide gel powders has been made. It has 
been confirmed that the gel powders consist of boehmite phase and. on 
dehydroxylation transform to. y alumina* The formation of other intermedia! 
transition aluminas like 5 and0 is morphology dependent* A fibrillar gel 
(baymal) studied transformed from Y to 0 to a , whereas other two gel 
powders studied , which consisted of spherical crystallites, transformed 
to both the 5 and the 0 phase before converting to the dphase* All the gel 
powders yield a alumina in the temperature range 11^0 — 1300°C.
The gel powders exhibit poor’.non—isothermal. and isothermal 
sinterability in spite of extremely fine crystallite size of the as 
received gel powders and the y alumina powders produced from them* It has 
been shown that poor sinterability of the gel compacts is associated with 
the simultaneous polymorphic phase transformed ion to the stable 'alpha 
phase during sintering*
The polymorphic phase transformation occurs by a nucleation and 
growth process which is diffusional in character* The electron diffraction 
studies have revealed that the metastable 5 +0 or 0 phases directly 
transform to the alpha phase, without the formation of any intermediate 
amorphous phase * The transmission electron microscopy has revealed that 
considerable redistribution-of the fine porosity within the metastable 
phase matrix occurs into the form of elongated interconnected pores which 
are left behind within the-, growing alpha grains, and - are effectively \ 
trapped* It is concluded that the poor sinterability of the gel compacts 
is due to considerable grain growth and effective trapping of the pores ' 
which occurs during the phase transformation.
A geometrical model has been proposed to account for the observed, 
redistribution of the porosity* It is concluded on the basis of model 
and interface migration kinetics considerations , that the interface 
remains pinned by the pores allowing pores to redistribute by vacancy 
diffusion along the interface from smaller to larger pores.
The effect of rate of heating, calcination, impurity addition 
and atmosphere on the non-isothermal, sinterability of the gel compacts 
has also been studied. It has been demonstrated that considerable 
improvement in the densification of the gel compacts can be achieved by 
the-addition of phase stabilizing impurities like thoria.
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CSKERAh INTRODUCTION
Alumina gels are basically aluminium oxy-hydroxides in a 
finely divided (colloidal) state® They are often denoted as 
psuedoboehmite gels as their crystal structure is that of hoehmite„
They readily form sols on addition of water* On heating* the gels 
lose their water of hydration in the temperature range 300“500°^9
o ~
and progressively convert to various metastable phases up to 1100,0*
Above this temperature the gels transform to a -alumina, the most 
stable structural form of alumina®
During the past twenty to thirty 3rears the gels have been 
studied principally because of their technical importance in the 
petroleum industry* They form base materials for the metastable 
aluminas* These metastable aluminas find supplication as absorbents 
or as catalysts because of their high surface rea-ctivity* Therefore 
much work has been done to understand crystallographic structure and 
texture of the metastable aluminas derived from the gels.
The interest in sintering these gels is rather recent. The 
excellent extrudability and high green strengths of the extruded 
alumina gels is a great asset in production of sintered alumina 
filaments or rods. These sintered filaments or rods have been 
evaluated for reinforcement of gas turbine blades made from Nimonic 
alloys (l).
A semicontinuous process was initially developed by Blackelock 
et.al (2) for production of thin alumina rods from the gels and was 
later improved by other workers* (3) (4 )* However, this process imposed 
certain limitations* Very high firing rates approximately lOOO^/min 
had to be used with dwell times in the range of 2 to 5 mts. at the 
sintering temperatures. In spite of such limitations densities in the 
range 90~95lk °*' ‘th© theoretical were consistently obtained.
Because of their excellent extrudability and rapid sinterability, 
the gels appeared to be highly potential raw materials for the ma.nufacture 
of sodium vapour lamp sheaths. Klystron windows etc. However, these 
products require theoretical dense, translucent alumina ceramics (5)* 
Therefore it was thought that a systematic investigation of the
sinterability of these gels would be of both scientific and 
technical interest.
This has been attempted with the help of the following
techniquest '
a) Isothermal sintering of the alumina gels 5
b) Non-isothermal sintering of the gels in a dilatometer,
c) X~ra,y investigation of the progressive conversion of the 
gels on heating;
d) Thermogravimetric and differential thermal analysis of 
the gels and
e) Scanning and transmission electromicroscopic examination 
of the sintered gel specimens.
CHAPTER 1
LITERATURE SURVEY
2\sJz.e boft; A general review of the sintering of oxides
showed that the existing literature can be broadly divided into two 
categories l) Qualitative and 2) Quantitative. Investigations of 
the sinterabilitjr of ultrafine oxides prepared by decomposition of 
inorganic or organometallic compounds fall into the former. The . 
present investigations also involved sintering of decomposition 
formed oxides. Therefore the literature survey presented in the 
following sections has the appropriate emphasis.
1.2 Preparation and structure of the alumina gels;
Preparat ion?_ The alumina gels can be prepared by the 
following three major techniquess (6) (7)
a) Precipitation of aluminium hydroxide from aluminium salts, 
treating them with bases. Bulky precipitates are formed 
which appea,r amorphous from X-ray studies;
b) Treatment of amalgamated aluminium with moist a*ir. This 
method causes bundles of long very fragile fibres of 
aluminium hydroxide to grow on the surface of the metal;
c) By. treating solid aluminium compounds with amrnonaioal 
solution of ilH^  salts. The reaction proceeds topochemically 
i.e. the externs.1 shape of the particles is preserved 
during the reaction which proceeds within the crystals.
The hydroxides prepared by the above three methods all 
appear to be amorphous from X-ray studies and have low surface 
areas. On ageing they crystallize to hoehmite (A100H) resulting
in high sp. surface area powders (200 to 400m /gm).
A different form of fibrillar boehmite consisting of 
separate and discrete particles (50 S. in dia. and 1000 A long) 
can be prepared by autoclaving solutions of basic aluminium salts 
under prescribed conditions of concentration, time and temperature, 
as described by Bugosh et.al (8). While Hardy et.al (9) have 
reported a sol-gel process of preparing alumina gel microspheres.
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Fig, 2. Schematic representation of the crystal 
structure of hoehmite.
The gel spheres of controlled size can he produced by first 
preparing a sol and gelling it either hy drying on a tray to 
give aggregates, hy removal of water hy solvent extraction or 
finally, hy partial removal of the stabilizing anion, for 
example, with alkali in aqueous phase, or with a reagent such <
as an amine in organic phase, A variety of other metal 
hydroxide microspheres can he obtained hy this method.
1>2 ,2* Structure of the gels* As mentioned in the previous 
section, the freshly prepared gels appear amorphous and crystal­
lize to hoehmite on ageing. Lippens (6) investigated the crystal 
structure of well crystallized hoehmite and found an orthorhombic 
unit cell with following dimensions?.
a « 2.861 A5 b = 3*696 A; and c = 12.233 A 
in good agreement with Milligan and McAfee (-10). Following the 
method of Van Oosterhout (ll) to describe the structures of the 
corresponding iron compounds, Lippens described the hoehmite 
structure made up of HO-Al-O units forming zig-zag chains in the 
direction of the 'a* axis. (see fig. la). The units themselves 
form an antiparallel coupling along the h axis as shown in fig. 1c,
The formation of the unit cell is shown in fig. 2 . (The ’a ’ axis 
perpendicular to the plane of the drawing).
X-ray diffraction pattern of the gelatinous hoehmite .showed 
strongly broadened lines corresponding closely to those of well 
crystallized hoehmite (6). However, some of the diffraction lines 
had moved to smaller Bragg angles as was deduced from the calculations 
of the corresponding *d’ spacings. The water content was-also found 
variable from one batch to another, hut was always higher than the 
theoretical. It was concluded that additional.water molecules are 
built in the direction of the c axis, and the line broadening and 
shifting of some lines was due to lattice distortion along this 
direction. This was further confirmed hy measuring the * c 1 axis as 
a function of water content. A linear relationship was observed, 
and it was thought that these extra water molecules were built in 
as double hydrogen bridges along the c axis as follows:
1^2j3« Dehydration products of alumina gelsi
On heating the well crystallized and gelatinous hoehmite 
powders, they dehydroxylise and progressively convert to various 
transition aluminas, and finally to the stable a phase, A number 
of transition aluminas have been identified b3'- X—ray studies. 
These are summarised in table 1,
The boehmite derived powders have been found to transform
through either of the two following routes (6 , 12-16)t
, N , , 4500d v 750°G. s/900°0 v 1100°G .1) boenmxte—   > Y-—   v  > G J-------- a- Al^O^
o W  v -x 450°G v 800°C 1100°G ' _ _2) boehmite -If >, Y ------^ 9 ______ v a- A1 0 .or
’2 3
Apart from the above phases formation of 'k1 phase
intermidiate to *0 * and 'a1, during the progressive conversion
of well crystallized boehmite to a alumina, has been reported by
Bielanski et.al O 3 ). However, formation of fKf was not observed
by other workers (6) whereas Tertian and Pape (17) h ave reported 
of
f or mat ion/,t| * phase on dehydroxylation of gelatinous boehmite,
1.2«4. Structure of the dehydration productss 
1.2.4.1» The structure of Y and *1 alumina: The structure of Y
alumina is closely related to that of spinel (Mg Al^O^). The unit 
cell of spinel is formed by cubic close packing of 32 oxygen atoms. 
The 16 aluminium atoms occupy laycrwise half of the octahedral
TABLE 1
Summary of the various transition aluminas
| Nomen­
clature system
lattice parameters Density
9m /cc.
Y - alumina cubic a = b = c = 7 • 90A 3.67/
8 - alumina Tetragonal a = 7*943^ = b 
c = 23.52
3*653
0 - alumina Monoclinic a - 11.24? c - 11.74 
and b = 5*7225 p= 103°20
3«585:
X - alumina Hexagonal a = 5«575 c = 8 .64A -
k - alumina Hexagonal a = 9*7 1? c = 17.86A 3.25
B - alumina cubic a = b = c = 7 • 94A —
interstices, the 8 magnesium atoms are placed in the tetrahedral 
holes. Consequently there are 24 cation positions. The spinel 
can he represented by the formula Egg 830 According to'
Verwey (l8) the unit cell of Y alumina contains 32 O~atoms a,nd 
only 21J- Al-adorns. Therefore 'in the cation lattice vacant places 
must occur. Verwey assumed that these vacant places are distributed 
over the 24 ca,tion positions with a preference for the octahedral 
holes. Jagod2inski and Saalfeld (l9) found by fourier synthesis, 
that inYalumina the vaca-ncies occupy exclusively octahedral positions.
All Y aluminas contain a varying amount of very strongly 
bound water. Glemser and Rieck (20) derived from infrared measure­
ments that this water is not present as isolated H^O molecules but 
as OH groups. De Boer and Houben (2l) suppose that the composition 
of Y alumina, is ^  Al^O^ H^O or Alg (H^Al^) 0^^ analogous to 
lithium spinel. On the other hand Fortuin(22) determined tha-fr all 
OH groups are located at the surface.
From lattice parameter measurements Rooksby (23) described
o  /
Y alumina as a cobic spinel with a = 7*90A. However, diffractometer
traces of Lippens (6) showed distinct doubling of the 400 and 440
reflections. Therefore he concluded that Y alumina has a
tetragonally deformed spinel lattice. This was also confirmed by
electron diffraction analysis of Y alumina powders. A c/a ratio
of 0 .9 8 3 was found.
The unit cell values given by Lippens are as follows (6):
a = b = 7.962, c = 7*822  
and are in good agreement viith the values given by Saalfeld ( 12a) .
According to Lippens p alumina also has a somewhat- 
tetragonally deformed lattice, although it is often described as 
cubic. Lippens further points out that it is not possible to 
distinguish the Y phase from the r\ phase by X-ray powder photo­
graphic method, because these two forms are structurally very similar' 
and differ only in relation to the shape of their (ill) and (440) 
diffraction profiles.
1«2.4 .2. Structure of 5 alumina:
Stumpf et.al (l/i.) calculated from X-ray powder patterns
an orthorhombic unit cell with axes of 4*25 12.75 if and
o
10.25 A for 6 alumina. Lippens (6)} and Roolcs by and Rooymans (24) 
pointed out that this■was incorrect. Lippens describes the structure 
ofSalumina on the basis of a super cell that contains three spinel 
cells.
The cell dimensions are •
a = b = 7*697 A? c = 23 .4 7 c/a = 2.946
whereas Rooksby a,nd Rooymans indexed the X-ray pattern of 5 alumina
on the basis of a tetragonal cell having c/a ratio of 1 .4 7 and
lattice parameters as follows; '
o 0
a = b = 7*96 A, c - 11.70 A
This unit cell is half of that described by Lippens, and the agree­
ment between the two is quite good considering that the lattice 
parameters differ by less than a percent. Some minor differences 
are also found on comparing the d spacings and intensity values as 
can be seen from table 4* The differences are probably due to the 
difference in method of preparation of 5 alumina. The former 
obtained it by heating boehmite to ' 950°G. , while the latter prepared 
their alumina by rapidly quenching liquid corundum or rapidly 
condensing vapourised a alumina.
The structure of 5 alumina is probably more ordered than Y 
alhmina. Instead of a statistical distribution of cation vacant 
sitess the vacancies in the cation lattice of 6 are probably ordered. 
Lippens found a four fold screw axis parallel to the c axis with 
the aid of selected area diffraction of 6 alumina samples, and 
suggests following the work of Van Oosterhout and Rooymans on Y - 
Fe^O^ (25)j that the vacancies in 6 alumina occupy octahedral 
positions and show .4 fold screw like distribution.
1.2.4»3* Structure of 6 alumina: Roy, Hill and Osborne (26) observed
that © alumina and p-Ga^O^ are able to form a series of mixed
crystals over an extended range of compositions. The powder patterns
of the two compounds are similar, so they are considered to be
isOmorphous. Saalfeld (l2b)and Geller (27) used single crystals
of p- Gao0.. to determine the crystal structure of the unit cell of 2 3
p- Gao0^ with the aid of Fourier synthesis.. With these data Saalfeld
gave a solution of the structure of ©alumina. The lattice is 
monoclinic -with the cell dimensions as follows:
a = 11.24 b - 5*72 2, c = 11.74 S., and 103° 20
The 0 alumina is built up from the somewhat deformed oxygen lattice 
of spinel with the aluminium atoms divided over the available 
octahedral and tetrahedral positions. In contrast with the spinel 
lattice, the A 1 atoms preferentially occupy tetrahedral positions.
The alumina has to be considered a transition phase between 
the spinel lattice with a cubic oxygen arrangement and aluminium 
atoms in octahedral and tetrahedral positions, and the corundum 
lattice with a hexagonal oxygen arrangement and aluminium atoms 
exclusively in octahedral positions.
The structure, of corundum has been well described by ICroneberg 
(28) and has following unit cell dimensions: 
a 4*758 c = 12.991 A
i^ -3. Mechanism of solid state sintering: The expressions for 
the probable mechanisms of sintering in solid state single phase 
systems were derived initially from the thermodynamic considerations 
of the driving force. Kucsynski (29) was the first to propose a 
mechanistic model and test it against the experimental observations. 
Following his work much-work has been done in the field of sintering 
of metals and oxides. Excellent reviews covering the subject have 
been published over the past 15 years (30-34)* Therefore only the 
important aspects of these studies, with specific reference to 
sintering of aluminas, are discussed here.
1*3*1* Driving force for sintering: Sintering in the solid state 
involves consolidation of a porous body or a compact of individual 
particles by application of heat. The driving force for this 
reaction comes from reduction in total surface free energy. The 
specific surface free energy, which can be approximated to the 
surface tensional force in absence of any internal strains (35)» 
is directly responsible for the observed material transport process 
in the neck regions of a porous body or a compact because it creates 
tensile stress, vapour pressure gradient and vacancy concentration 
gradient in the necks (32) (36). Consequently the material transport
can take place "by one of the following processes or combination 
of them| i) \riscous or plastic.flow; ii) Evaporation-condensation 
and ill) Diffusion.
1o 3_fr2« Mechanisms of densification; Coble (37) has outlined 
the geometrical changes which evolve upon heating a powder compact.
He proposes three distinct stages of sintering as follows:
•0 Initial stage' sintering: This is the stage during which
the neck/growth takes place. The neck growth is accompanied 
by interparticle shrinkages and a typical powder, compact 
would increase in relative density from 0*5 0.6. The
point at which grain growth first occurs is considered to 
terminate the initial stage of sintering.
Intermediate stage: This stage begins after grain growth
and pore shape change causes a transition to a pore and 
grain boundary matrix. The pore surfaces form equilibrium 
dihedral angles with the intersecting grain boundaries, and 
the pore phase is essentially continuous.
iii) Final stage: This stage begins when the pore phase.is
eventually pinched off.
The quantitative studies carried out toward deducing pre­
dominant mechanism of material transport during each of the dens­
ification stages outlined above are briefly discussed here.
1 .3.2.1. Initial stage sintering: For the initial stage of the 
process the analysis is based on assumed geometric changes that 
occur between pairs of contacting spheres (3 8, 39) and the other 
shapes (40). Various modes of material transport have been considered 
including surface diffusions boundary diffusion, lattice diffusion, 
evaporation and condensation, a^d viscous and plastic flow. Further­
more, different material sources have been considered; when grain 
boundaries are the material source, shrinkage will occur, and if 
the particle surface is the material source only neck growth will 
take place. ThPs surface diffusion and evaporation-condensation 
are considered only as competitive mechanisms.
The early work carried out 'by Clark and White (41) led 
them to conclude that A'l^O^ and 1'JgO sinter by flow of Bingham 
type during the early stages of sintering* However, alternative 
explanation based on diffusion mechanisms led to the conclusion 
that plastic flow rarely, plays an important role in sintering of‘ 
oxides (42) * Similar conclusions have been drawn by Brett; and 
Siegle after reviewing the existing experimental work carried 
out to obtain direct evidence of plastic flow in metals (43)«
Host of the quantitative work carried out 011 sintering of metals 
and oxides is thus interpreted in terms of a diffusional mechanism.
The early initial stage diffusional models proposed, by 
Kuczinski (29)? Kingery and Berg (38) , and Coble (39)? to establish 
the nature of transport mechanism differed only in the use of' 
different diffusion flux equations. Coble (44) investigated shrinkage 
of Linde A alumina compacts in the temperature range 1150 - 1350°Ct 
The powder consisted of monodispersed 'particles having diameters 
approximating to 0 .2 cm, On plotting log shrinkage against log of 
time of sintering;, he found that the curves had. an average slope of\
2/5th. This slope has been predicted by the Kingery and Berg 
expression for sintering of powder compacts by a volume diffusion 
mechanism. Therefore Coble concluded that alumina sinters by volume 
diffusion mechanism during the initial stage. However, for inter­
preting the results, curvatures in the earlier portion of the 
shrinkage curves, and some variation in the slope of the latter 
parts of the curves were neglected.
Johnson and Cutler (40) pointed out that initial curvature 
and. variation in slope of the shrinkage plots can occur due to 
errors in the sintering times. Such errors in time occur because 
sintering is most rapid near zero time, so that appreciable dens— 
ification occurs while the compact is being heated. They ha,ve 
proposed a method, to correct for such errors, and corrected the 
shrinkage curves of a number of aluminas with such a method. On 
analysing the corrected shrinkage curves, Johnson and Cutler found 
that the shrinkage curves fitted an equation for grain boundary 
diffusion derived by them.
These early experiments were interpreted in terms of 
single mechanisms* More recently it has become obvious that 
transition from one predominant mechanism to another takes 
place as a function of the experimental variables in many 
materials*
Johnson and Clark (45) have reported that their observed 
shrinkage data for sized silver particle compacts* indicated.1 
contribution from volume and grain boundary diffusion when plotted, 
according to their own mechanistic model* Whereas Anderson (46)5 
and. Hayden and Brophy (47) observed change in the mechanism during 
the initial stage sinter5.ng of BaTiO^ compa,cts, and compacts of 
W doped with Rh respectively* Johnson and Berrin (48) report that, 
this was also observed for Alo0-. MgO and Peo0^ They explained
d y c- 0 o
such changes in mechanism on the basis that relatively wide region
o
of enhanced diffusions of the order of a few hundred A wide, exists 
at the grain boundaries. of these oxides* Initially the entire 
neck surface is intersected by this region of enhanced diffusion 
and volume diffusion kinetics result. The neck surface soon out­
grows the region if the particle diameter is not too small, and the 
grain boundary kinetics follow. Johnson (49) later confirmed 
these results for alumina using four different alumina powders. 
However, he pointed out.that clustered powders like Linde A 
demonstrated that interpretation of the mechanisms involved in 
sintering of such powders is difficult.
One of the grossly neglected factors in these initial 
stage sintering studies is the effect of other competitive 
mechanisms; for example, surface diffusion may bring about shape 
changes different from those assumed by models for densification* 
Recently Frochazka and Coble (50) have shown that neck growth 
during very early stages of heating of the Linde A compacts could 
take place by surface diffusion. For this purpose the compa,cts 
were heated to temperatures low enough not to cause any noticeable 
shrinkage. Good.agreement was found between surface self diffusion 
coefficient calculated from the model based on permiability measure­
ments and those obtained by other methods (51)•
1*3»£»2* Intermediate stage sintering:- The intermediate stage
of sintering in single phase material has heen delineated by 
Coble (37) as that stage in which'pore shape does not change 
but the structure evolves-by pore shrinkage and grain growth*
The models are based on the -assumption that cylindrical pores 
are distributed along the edges of regular solid'polyhedra. The 
porosity (P) at constant grain size (g ) for a lattice diffusion 
(Dp) controlled processes (52)
P]2 „ -335 t] — --------(1)
G ICP 1
in which Y is the surface energy, O. the vacancy volume, IC is 
Boltzmann*s constant, and T is .absolute temperature* For a grain 
boundary diffusion controlled process with boundary width-''W* 
the rate is (52)
. n P BbW-Yn ? .
p -7 2 I , - - 1290  t], J  :__— -___ (2) .
1 G kT
It has been shown that pore growth by coalescence occurs during 
intermediate and final stage sintering of oxides (53) *> This 
invalidates the assumption that pores simply shrink during the 
intermediate stage. However, because of the agreement between 
diffusion coefficients calculated from sintering of copper (52) 
and alumina (44) using the lattice diffusion model with the values 
directly measured in these materials, it is concluded that the 
interference due to pore growth is a secondary phenomenon. The 
grain size has been observed to increase with (time) -g- during 
densification for A1 0. (44;) a^d copper (52) Coble (44) incorporated 
this relation in equation (l) and obtained ’density cC -Ln’t ’ . His 
experimental plots of density versus log t for Linde A alumina 
compacts yielded such linear relationship over the substantial 
part of the curves. One set of his curves is reproduced in Fig 3* 
This type of relationship has been confirmed by many workers for 
other oxides (54~59)* The evidence is taken to substantiate the 
assumption that a lattice diffusion mechanism is operative during 
this stage of sintering.
1.3o2„3i Final stage of sintering: The final stage of sintering—-sk*..................■ ■ 1 — ---
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Fig. 3 After R.L. Coble(Ref. kk.)
was assumed to be delineated from the intermediate stage by the 
transition from continuous to discontinuous porosity (37)• This 
has been shown to occur gradually during an increase in total 
density from approximately 85$ to 95/^  (60) • An analytical mod.el 
for lattice diffusion controlled densification was;generated for 
spherical pores located at all four grain corners in a polycrystalline 
matrix with a grain shape composed of tetrakaidecahedra* The 
resulting equation is nearly identical with that for the inter­
mediate stage (equation l); the density is predicted to increase
linearly with time* As in the case for the intermediate stage of
the process, that relationship would, apply if the grain size 
remained constant. It has been already pointed, out in section
1.3*2.2. that grain size increases with the time of sintering. More­
over, the occurrence of pore growth (53) during the final stage 
means that this relationship cannot describe the densification 
precisely, because the pores have been assumed to shrink continuously 
without changing in number.
Several other features of the process at the final stage 
of densification that must be considered are i) atmosphere of 
sintering ii) discontinuous grain growth and iii) density 
inhomogeneity that exists in an as-pressed pellet. For sintering 
in atmospheres containing a finite gas pressure, the formation of 
discontinuous porosity traps gas within the pores, which may prohibit 
their complete closure (6l). Occurrence of discontinuous grain 
growth would reduce any further shrinkage. In fact this has been 
taken as best phenomenological evidence that a diffusional rather 
than a plastic flow process takes place during densification (42), 
because there is no significant change in the situation for densifi­
cation by plastic flow with the isolation of pores from grain 
boundaries. Finally existence of density gradients in as-pressed 
pellets could bring about an inhomogeneous shrinkage rate within 
the compact at approximately 95?° of the theoretical density, if it 
is assumed that each element in the compact undergoes equivalent 
linear shrinkage. The more dense regions would then be expected 
to exhibit slower shrinkage and. would provide a restraint to the 
shrinkage of the less dense regions. This argument has been advanced 
(60) to explain why curvature exists at high densities, in the 
density vs log time plots. However, data is not sufficient to draw
any rigorous conclusions*
1 *4« Sintering of ultrafine aluminium oxide?-- It has long
been recognised that the driving force for sintering is reduction 
in total surface energy of the porous body or a compact. There­
fore it was expected that starting with very fine powders consider­
able reduction in sintering temperature and times could be 
achieved (33? 62)*, As oxides can be easily prepared in ultrafine 
state by decompositions of corresponding inorganic or organometallic. 
compoundsj considerable effort has been spent in studying the 
physical characteristics of the decomposition formed oxide powders? 
their calcination properties and sinterability (63-68). In this 
respect studies on decomposition formed aluminium oxides are 
relatively few. However recent development in the techniques for 
preparing ultrafine aluminas from the vapour phase (69) have increased 
the interest in producing dense and fine sintered aluminium oxide*.
_1._4.1_. Sintering of aluminium oxide obtained by decompositiont
1*4«I»1« Cold compaction and sintering: The relative paucity of
data on sintering of aluminium oxide prepared by decomposition of 
hydroxides? chlorides or sulphates is probably due to the reason 
that aluminium oxides prepared by these routes are in metastable 
form (see also section 1.2*3)• To be of any commercial use these 
rnetastable aluminas have to be: converted to stable a form. Calcination 
studies carried out on these aluminas have consistently shown that 
considerable aggregation and particle growth takes place during the 
phase transformation from metastable to the stable phase (70? 71) «> 
Gregory ana Moorbath (72)? and Russel and Cochran (73) report 
drastic reduction in surface area on calcination of aluminium 
hydroxide in the temperature range of 1100 to 1200°C? by radiothoron 
emission and gas adsorption studies respectively i.e. in the 
temperature range of transformation to a -alumina. It is also 
observed by electron microscopic study of calcined A1C1. 6Ho0
ji? d
(74)? Aluminium Sulphate (75) fibrillar alumina gel (l6) that 
considerable recrystallization takes place during the transformation 
to g  alumina. Stirland (74) observed formation of a "jig saw puzzle" 
like structure within the aggregates consisting of finely divided Y+k 
phase crystallites, Stringer et.al. (75) observed platy "blocky"
a-crystallites being fed by fine t] crystallites, whereas H e r  
reports (l6) formation of micronsize hexagonal a-crystallites 
within undefined amorphous looking mass.
The only notable work carried out on sintering of de­
composition derived aluminium oxides is•that of Bates et.al. (76) 
and Baggaley et.al. (77)• The former carried out the work only 
from the technological point of view and demonstrated that 
translucent alumina can be prepared by directly sintering micro­
crystalline hydroxide, heating the solid bodies to 400°C for 4 
hours, impregnation with Mg (NO^)^ solution to give 0.1M concentration 
of MgO and finally firing them at 1725°C for 8 hours. Production 
of dense alumina bodies from a hydroxide having crystallite size 
of 100 2, and a fibrillar hydroxide required higher temperature 
up to 1800°C and extended firing times up to 30 hours.
Baggaley et.al. (77) carried out isothermal sintering
experiments on alumina prepared by calcination of precipitated
o 2aluminium hydroxide at 800 C. Sp. surface area of 107 m /g and
particle size of 0.014pm was reported for the calcined powder.
Their isothermal sintering results are shown in Pig. 4» It is
clear from, the figure that maximum density of only 80% of theoretical
is achieved on sintering up to 5 hours at l600°C. Slopes of the.
o o
sintering curves in the temperature range of 1300'0 to 1600 (T are . 
very low, indicating that very little densification is achieved 
with increase in time of sintering. These low rates were in 
contrast to the fact that within the first minute of sintering 
relative densities of 65 ~ 75/° were reached from a. green density 
o f .54$* The electron microscope study of the fractured surfaces 
of the specimens sintered in the temperature range. 1300—1700°C:’ 
revealed that honey combed like mass apparent at 1300°C' slowly 
changed into one of well defined pore grain boundary configuration 
with some of the pores occluded within the grains. The initial 
uniform pore size of 0.3pni observed at 1400°C, became slowly uneven 
and at l600°C on firing for 1 hour, the proportion of small pores 
was observed to be sharply decreased with corresponding increase 
in large pores. At 1700°C on sintering for 1 hour the number of 
pores was further reduced. On sintering for 4 hours at this
Figo 4o Density vs® log time for sintering of Alumina®
After Baggaley et alo 
Ref (77) •
| A  CCRA COfH?i3TG (CALC £0© *C  I 
<0*— ©  G IUUM I C.P. POCKMiTC {CALC SOOcC I 
| O  BM M AL fcOSHNtfTC (CALC 5©©0C i
/  GO
K > !
20
200 4 0 0  to o  tOO 1000 1200 KOO ISOO
TCMPfflATUBE *C
Figures  Densification of Giulini boehmite, "Cera" boeh« 
mite an d  ‘*baymft)” boehmite.
After Matkin et.el.
, (Ref. 15 ).
temperature they obtained a virtually pore free body with 
dramatic increase in the grain size. It was concluded that 
the slow rate of densification observed in the temperature 
range 1200-l600°C was due to a structure'different than envisaged 
in the idealized intermediate'stage model of Coble; (37). Thus 
leading to quite different rates of interaction of pores and 
grain boundaries than predicted on the basis of idealized model.
It was suggested, that the larger pores within the grains compete 
with grain boundaries as vacancy sinks for smaller pores and 
grow at the expense of the latter up to l600°C^ However, from 
their discussion the occurrence of honey combed like structure 
is not fully understood. They attribute it to the requirement to 
minimize the sum of the surface, energy plus strain energy as 
ordering occurs within the structure.
1.4« 1 ■>2c Reactive hot pressing; The enha-nced reactivity during 
a chemical reaction or a polymorphic change was first d.emonstrated 
by Hedvall'(78). Chaklader and co-workers utilized his idea in 
studying the effect of hot pressing during the decomposition of 
Kaolinite, ball clay, fire clay, Mg^H)^ and colloidal boehmite 
(79-81), and demonstrated that enhanced densification is achieved 
by such reactive hot pressing. Morgan and Scala (82) refer to 
this process as calcintering to differentiate it from the hot 
pressing carried out during polymorphic phase change. They obtained 
translucent MgO bodies from MgfOH)^ by calcintering in the temper­
ature range 1000-1400°C', with submicron grain size and improved 
fracture strength. As opposed to preparation of translucent 
alumina from colloidal boehmite by Chaklader (83) at a temperature 
of 500°C: under a pressure of 20,000 psi, they found that in the 
case of Al(0H-)^'no enhanced densification takes place during 
decomposition reaction. This was attributed to the stronger 
hydrogen bonding in Al(OH)^ compared to pure ionic bonding in 
Mg(0H)2<
Similar enhanced densification was observed by Chaklader
and Baker (84) during hot pressing of unstabilized Zro0 in the
£ 9
temperature range of polymorphic transformation in this oxide.
They obtain Zirconia bodies with relative density in the range
0*95 ~ 0.98 by hot pressing in the temperature range 800~1200°C*
This v;as further supported by observed creep behaviour of Zirconia 
during thermal cycling (85)« The enhanced creep deformation took 
place only in the temperature range of the monoclinic to tetragonal 
phase transformation. Chaklader (83) expected similar enhanced 
densification during y to a phase transition of colloidal boehmite, 
however, did not confirm it experimentally. The work of Matkin 
■et.al. (15) carried out on hot pressing of boehmite derived powders 
showed that this was not the case. Their densification curves for 
boehmite derived powders are shown in Fig. 5 . A region of rapid 
rate of densification is observed in the temperature range 800-1150°C 
for Cuxlini boehmite and, 80Q-1200°C: for Cerahydrate (a.micro- 
crystalline boehmite) and Baymal. This is followed sharply by a 
region of reduced rate of densification up to 1300°C'. That this 
reduced rate of densification corresponded with formation of 
approximately 95~100/o a -alumina was confirmed with X-ray analysis 
carried out on hot pressed compacts stopped at predetermined 
temperature of 1150°C'. This was further confirmed by hot pressing 
Guilini boehmite calcined to various temperatures. Characteristic 
region of reduced rate of densification was not observed for the 
powder calcined to 1150°C' which was found to be fully a -alumina 
by X-ray analysis. It is observed from Fig.5 that relative densities 
in the range 50 to 60% of theoretical are obtained in the temperature 
range of phase transformation in contrast to 95 to 9&fo obtained by 
Chaklader et.al. (85) for Zirconia.' Matkin et.al. (15) attributed 
the region of reduced rate of densification to "critical specimen 
configuration"' formed due to phase transformation. However? no 
explanation was put forward for absence of such behaviour in as 
received gibbsite powder which was also found to undergo phase 
transformation to a -alumina.
1.4.2. Sintering of quenched and vapour deposited aluminas:-'
1^4.2*1. Conventional sintering; Metastable aluminas can also be 
formed by quenching molten a -alumina or rapidly solidifying a 
vapourized aluminium salt (.£9? 86, 87). Kuhn (88) has reported 
that such arc produced aluminas consisting of *.K +Q 1 phase can 
be easily sintered to a high density by cold-pressing. However, 
two other aluminas studied, by him showed poor sinterability. These 
powders consisted of Y alumina and reason for their poor sinterability
was attributed to their poor green density. This was thought to 
give rise to density inhomogeinity within the compact. The. dense 
areas within the compact would sintor rapidly during the 
phase transition creating large interparticle pores which i^ rere 
difficult to eliminate.
Vernon et.al*. (89) studied the densification of fine *8* 
alumina of particle size in the range l60-120oX prepared by 
quenching liquid a -alumina? by non-isothermal sintering at a 
constant heating rate in a dilatometer. Similar experiments were 
carried out on c- -alumina prepared by calcination of this ,5 f 
alumina. A region of rapid rate of shrinkage followed by a region 
of reduced rate of densification was observed for *5® alumina 
compacts. Whereas a —alumina compacts showed only continuously 
increasing rate of shrinkage with increase in the sintering temper­
ature. Their results for *6* and fa* alumina compacts are 
reproduced in Fig. 6 and 7 respectively. They also observed that 
by increasing the heating rate from 300°C/hour to 100°c/sec5 the 
linear shrinkage of the *5{ alumina (16OA particle size) compacts 
increased from 5*15$ *fc° 10.0$ on heating up to 1200°CV whereas the 
effect on a-alumina compacts of comparable particle size was 
negligible. It was concluded that the region of rapid rate of 
shrinkage was due to 8 to a phase transformation. The diffusional 
characteristic of the phase transformation was thought to enhance 
densification rate d-uring recrystallization to a -alumina as boundar 
d.iffusion mechanism would be predominant. Surface diffusion! even 
though active cannot account for the observed shrinkage. They 
proposed that there is a competition between rapid growth of a~nucle 
formed resulting in trapping of pores within the a-grains, and 
the rate of pore removal by grain boundary diffusion. Thus it was 
thought that by rapid heating removal of porosity by boundary 
diffusion would be predominant than at slow rate of heating giving 
higher shrinkage during the phase transformation. Unfortunately 
these workers have not shown any clear microstructural evidence 
in support .of their explanation.
.1.4*2.2. Hot pressing: Plot pressing of vapour deposited or quench
formed aluminas have shown that very high densities ( 95$ 
theoretical) can be achieved by this technique. Gazza et.al (133)
•10
1 delta— 160 A
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2 delta-300 A
o
3 delta-600 A
4 delta- 1200 A
2
Figc 6, Linear shrinkage of the delta alumina compacts ( 4t/cm ) 
heated at a linear rate of 300°c/hour«,
(After Vernon et al Ref«(89 )}
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1 alpha-400 A
o
2 alpha-600A
o
3 aIpha- 1200A
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. 2 
Fig, 7® Linear shrinkage of the alpha alumina compacts ( 4t/cm )
heated at a linear rate of 300°C/hour»
(After Vernon et al Refc ( 89 )
obtained relative densities greater than 95% of the theoretical by 
isothermal hot pressing of ultrafine Y alumina, using sintering 
temperature in the range 130Q~1400°C and time up to 45 minutes, .
Kb improvement was found on increasing the temperature to 1600°C.
Non-isothermal hot pressing at a constant heating rate of
approximately 6°c/min was carried out by Matkin et.al. (69) on a
number of vapour deposition formed ultrafine Y and .6 aluminas,
They observed that a region of reduced rate of densification
existed? similar to that observed for the boehmite derived powders.
Their results of sintering of one of the powders are shown in
Fig, 8, The beginning of the region of reduced rate of densification
corresponded to the formation of approximately 95-100% a -alumina.
They also observed that very little densification occurred over
the phase transformation temperature range and the overall dens-
ification was only in the range 70-75% 'of''the theoretical on heating
the compacts to 1450°C for 1 minute under a pressure of 4000 psi.
They also found that a.-alumina obtained by calcination of the
o
metastable aluminas at 1200 0 showed better sinterability and 
could be hot pressed to 97% of the theoretical density of a -alumina. 
The'.explanation advanced for the occurrence of the region of reduced 
rate of densification was formation of a "critical specimen con­
figuration". The authors, however, did not attempt to obtain 
microstructural evidence in support of such an explanation. In 
contrast Steiner et.al, (90) report that Y alumina compacts
can be sintered to very high densities by hot pressing, under a, 
pressure of 10,000 psi, isothermally. High densities can be obtained 
provided that the compacts are heated rapidly (l50°C/min) to the 
desired sintering temperature. They obtained a relative density
of 99,1% of theoretical by hot pressing the Y alumina compacts at
o *1400 C for 120 minutes, whereas a relative density of only 95»5/b
of theoretical was obtained by hot pressing an a -alumina powder-
compact, prepared by calcination of the same Y powder a/fc 1100°G for*
10 hours, at the same temperature and time. Failure to obtain such
high densities by Gazza et.al (133) and Ka,tkin et.al (15) was
attributed to the slow heating ra-tes used by these authors, Steiner
et.al. (90) suggested that by rapid heating the Y phase is retained
at the desired hot pressing temperature, and thus facilitates enhanced
densification, while at slow rates of heating the phase transformation
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is over before the desired hot pressing temperature is readied?
and the advantage of enhanced densification during the phase
transformation is lost* •
Summary
Prom the literature reviewed in the foregoing sections 
the following conclusions may be drawn in connection with the 
sinterability of the alumina gels;
1) On heating in the temperature re.nge 40Q*“500°C' the alumina
gels decompose and form Y or *1 alumina. On heading to 
higher temperatures Y or b alumina transform normally to
5 and then 0 alumina. Heating above 1100°C' results in 
transformation to the stable a phase.
2) All the metnstable aluminas derived from the gels are
structurally similar with respect to the anionic lattice 
but differ in the arrangement of cations. The literature 
shows that metastable aluminas derived from the gels can 
also be formed by other processes such as deposition from 
the vapourized a phase and rapid quenching of the molten 
a-alumina.
3) Pressure sintering studies have shown that the gels undergo 
rapid densification in the temperature range 1000-1200°C 
during which phase transformation to the stable a form 
occurs. This is followed by a region of reduced rate of 
densification in the temperature range 1200-1400°C.
4) Similar pressure sintering behaviour has been observed 
for vapour deposited aluminas which undergo the same phase 
changes as those of the gels. However, the vapour deposited 
aluminas did not show enhanced densification in the phase 
transformation temperature range.
5) The anomalous transition in the shrinkage curve from a 
region of high rate of shrinkage to almost zero rate of 
shrinkage observed during non-isothermal prossure sintering 
studies of the gels and vapour deposited aluminas have been
explained on the basis of formation of a "critical 
specimen configuration" during the phase transformation* 
However, microstructural evidence of formation of such 
a structure is not presented* Furthermore, the very low 
rates of densification observed during isothermal sintering 
of a metastable alumina derived from the gel, appear to be'; 
connected with the microstructure evolved during the poly­
morphic phase change* Therefore studying the microstructural 
changes occuring in the sintered gel specimens could prove 
to be- of great impbrtance in explaining their entire sinter­
ing behaviour*
6) Extensive investigations carried out on sintering of
various a.-aluminas have shown that the sintering behaviour 
of the a-aluminas can be satisfactorily explained on the 
basis of diffusional mechanisms* During the initial stage 
of sintering, the grain boundary diffusion mechanism appears 
to be prominant whereas at intermediate and final stages 
of sintering the volume diffusion mechanism appears to be 
increasingly important. Although the diffusional mechanism 
is expected to explain the sintering of metastable aluminas 
derived from the gels, quantitative investigations in this 
area are lacking presumably because the metastable aluminas 
undergo phase transformation to the stable a -form in the 
temperature range of interest thus creating complications.
1.6. Objectives of the present investigation: it is clear from
t5SKE8r.L2£Sa • 1 i - r i i r i  n i r r r i u t f l m i ■ «a i n i*
the literature reviewed that very little work has been done to 
study the sinterability of the alumina gels. The observations 
reported indicate that the gel specimens show an abnormal sintering 
behaviour which is associated with the transformation ffcom metastable 
to the stable phase* As a result, on sintering isothermally above 
1400°C a different type of microstructure, apparently consisting 
of trapped porosity within the a grains, is developed in the gel 
specimens. ' These gel specimens exhibit low rates of isothermal 
densification at higher temperatures compared to those of commercially 
produced a —alumina compacts. However, very little attention has 
been paid to the effect of the phase transformation on microstructural 
changes occuring in the gel compacts sintered in the transformation
t emperature range•
The main objective of the present investigation has been 
to study structural changes during the simultaneous tramsformation 
and sintering of the alumina,.gels* The problem has been attacked
by carrying out a systematic study of the isothermal and non-isothermal 
sintering behaviour of the gel compacts, and the microstructura.1 
changes occuring at various stages of sintering* An attempt has 
been made to develop a model to account for the observed micro- 
structural changes* To achieve these objectives the following 
investigations were carried out:
1) The gel materials selected for the sintering investigations
he/ve been characterised by electron microscopy. X-ray 
analysis, and differential and thermogra/vimetric analysis.
2) The non-isothermal and isothermal sinterability of the gel
powders have been studied by dilatometer and batch sintering 
technique respectively.
3) The phase changes occuring concurrently with the sintering
of the gel specimens have been studied by X-ray analysis 
using powder photographic technique.
4) Microstructural changes occuring during various stages of 
sintering have been investigated with the help of scanning 
and transmission electron microscopy.
In addition further work was carried out with the objective 
of exploring the possibilities of producing highly dense a-lumina. 
specimens from the gel powders at comparable sintering times and 
temperatures to those used for specimens of commercially available 
a-alumina powders. This objective is of technological importance 
since the gels would appear to be attractive raw materials for 
producing highly dense alumina ceramics by extrusion processes.
To this end the effect of rate of heating, calcination, atmosphere 
and impurity addition on the sintering behaviour are studied.
CHAPTER 2
MATERIALS, APPARATUS AND EXPERIMENTAL PROCEDURES
2.1. Materials: a  list of materials used during the present
investigation is given below* Three alumina gels obtained from 
different sources were investigated. Of these Balgel doped with 
approximately 0*25$ (by weight) MgO was selected for detailed 
investigation, because the doped gel was found to be useful in 
producing alumina rods or fibres of high densities and fine grain 
size. (2) (3)* The reason for this appeared to be prevention of 
discontinuous grain growth due to addition of small quantities of 
magnesia.
To avoid confusion, the doped gel is referred to as 
Balgel (MgO) and the pure gel as Balgel in the text throughout.
1) Balgel: (Ex. A.E.R.E. Harwell) A colloidal boehmite 
powder in pure form, also available with approximately 
0.25$ MgO in co-precipitated form.
2) G.C. Alumina: (Ex. Cawood Wharton) A colloidal boehmite 
powder in pure form.
3) Baymal: (Ex. Dupont U.S.A.) A fibrillar colloidal boehmite. 
This material was not available commercially.
4) Cerahydrate: (Ex. B.A. Chemicals) A microcrj’-stalline 
boehmite powder, supplied as aggregates of —200 mesh.
5) Alpha alumina: (Ex. B.D.H.) A high purity alumina powder 
{99*99%) j with average particle size of lpm.
6) Linde A alumina: (Union carbide U.S.A.) A high purity
alumina powder. Average particle size 0.3pm.
7) Magnesium hydroxide: (Ex. B.D.H.) An analar grade powder 
with average particle size of approximately 4O0X.
TABLE 2
Chemical analysis of the gel pox^ders (in ppm)
Mat erial
elements\^
Balgel
doped
G.C.,'
Alumina
Baymal Cerahy&rate Mg(0H):2
Acetic acid 9 M
CaO 20 1?) - 100 IO5OOO
k2° 10 20
- - -
so3 550 1000 17000 ~ 3 9 000
p2°5 £ 5
- ~ —
-S
SiOp 90 80 200 200 —1 
OJ
o•H 15’ 10 - “ —
v9or2 p < 5 < 5
—
MnOp 5 5 —  -
Fe 0 
2 3
. 40’ 30 150 300 5 0 0.
M g Q 1700 < 20 ■ ' —  ■
Na?0 <100 < 100 700 400 “
b 2° <100 /1 0 0 —
^ J5 
Cl rnmm
_______
l s000
8) Zirconium dioxide: (Ex. B.D.H.) Analar grade powder
prepared “by calcination.
Chemical analysis of the gels (l to 3) together with 
that of cerahydrate and magnesium hydroxide are shown in table 2.
2e_2. Apparatus and experimental procedure:
2.2.1. Isothermal sintering:
2.2.1.1. Sintering furnace: Isothermal sintering was carried out 
in a batch type furnace constructed in the laboratory. The furnace 
is shown in Pig 9* The furnace element was of molybdenum wire, 
wound around an alumina tube. The casing was made of mild steel 
and alumina powder was used as an insulating material. The space 
between the alumina tube and the steel shell was made gas tight and 
to protect the'windings was continuously purged'with high purity 
hydrogen at a, rate of l^Oec/min. The furnace was powered by a 
’Variac1 transformer supply of 20 Amps - 220 volts, and1was capable 
of attaining a maximum temperature of l850°C'.
The temperature in the hot zone was measured with a 
Rh-Rh/40%Ir thermocouple, situated in the centre of the hot zone, 
and could be controlled within +1°C off the preset temperature•with 
a Eurotherm, thyrstor, temperature controller. A 'Eurotherm1 
temperature programmer was used so that the furnace could be heated 
at a predetermined constant heating rate-within the range 1 — 20°C/min. 
The specimen could be sintered by loading in a>n alumina boat 50mm 
long. Temperature variation over the length of the boat was found 
negligible. The thermocouple was frequently calibrated against a 
fresh Pt/6% Rh-Pt/30/o Rh thermocouple to check for drift due to 
contamination, and was replaced when necessary.
2.2.1.2. Suecimen preparation:
i) Compaction:- All specimens were compacted in a double acting•' 
hardened steel die (9*7mro internal diameter) and punch assembly.
The pressing was carried out with the help of a 5 ton hand operated 
hydraulic press. The compacting pressure was indicated by a dial 
gauge, and was periodically checked with a calibrated strain gauge, 
amplifier and recording assembly. A dilute solution of stearic acid
Fig.9. High temperature 
molybdenum wound 
alumina tube furnace
Fig.10. 'Leitz' universal
dilatometer type UBD
in acetone was applied to the die and punches to act as a lubricant 
and to minimiz-e contamination from the die material. All the powders 
were pressed, without addition of lubricant or binder, in the form 
of disc shaped specimens, 9®7mm in diameter and approximately 3mm in 
thickness. A pressure of 49*2kg/mm was used -unless otherwise stated. 
During pressing- the pressure was maintained for % a minute to attain 
equilibrium.
ii) Extrusions- Specimens were also prepared by extrusions to 
study the effect of specimen preparation on sintering. This was done 
as follows. A batch of 600gms. of gel powder was mixed with 400cc 
of distilled water for jr an hour in a, sigma blendor. The mixture was 
passed through a vacuum' pug mill and filled in an extrusion barrel.
The barrel was screwed on to a motor driven hydraulic extruder, and 
the gel was extruded through a 6 .15mm bore diameter extrusion die.
The material was extruded in the shape of a rod and periodically cut 
off at a length of 30cms. These rods were slowly dried in air in 
open silica trays. The rods shrunk nearly isotropically during 
drying and the diameter’was found to be approximately 5mm on drying. 
Pieces of 15mm in length were cut off and used as sintering specimens.
2.2.1.3- Sintering procedure: Preliminary experiments were carried
out only on extruded specimens. However, later for a proper comparison 
extruded and pressed specimens were sintered in the same batch. The 
molybdenum furnace was always maintained at a temperature of 800°C' 
when not in iise, to prevent shocks to the alumina tube while heating 
and cooling. Specimens were loaded in the alumina boo.t and pushed 
into the hot zone manually so as to obtain an approximate heating rate 
of 15°C/min corresponding to the non-isothermal experiments. Once 
in the- hot zone the furnace temperature was increased to the final 
sintering temperature at a constant heating rate of 15°C/min with 
the help of the programmer. Sintering times were estimated from the 
moment that the final sintering temperature was reached. The specimens 
were furnace cooled to 800°C: and then withdrawn from the hot zone.
2.2.2. Non-isothermal sintering:
zsasszu&sass...................... .... -  . .... ,
2.2.2.1. Apparatus: A 'Leitz* universal dilatometer model U.B.D.
was used to study the non-isothermal sintering of the alumina gels.
The dilatometer is shown in Fig. 10. It consisted of a measuring 
head which utilized the 'light lever' principle. On one side of 
this measuring; head an arrangement was provided, for recording the 
movement of the light spot on a photographic film or its observation 
on a ground glass window. On the other side an alumina specimen 
support tube was provided consisting of an alumina pusher rod and 
a lever system (see fi'g.ll). Vertical motion of the light spot 
was effected by expansion or contraction of the specimen relative 
to its alumina support tube. An additional motion of the light spot 
in the horizontal direction was effected by a reflecting galvanometeri 
The galvanometer was operated by a DIN 41370 thermocouple situated 
almost touching the specimen. Due to the combined effect of these 
movements, the light spot moved in an oblique direction and thus 
produced a shrinkage or expansion curve of the specimen. The specimen 
assembly could be heated with a horizontal tube rhodium wire wound 
furnace, situated on a wagon. With this arrangement the furnace 
could be slid over the alumina specimen carrier tube to carry out 
heating. Furnace tube ends and the attached end of the specimen 
assembly was water cooled to avoid heating of the measuring head.
The furnace was powered by a variable transformer supply of 40 amps- 
150 volts and was capable of attaining at least l600°C'. The temper­
ature variation in the hot zone was checked with a fresh Pt/6$Rh—
Pt/30^Rh thermocouple. The temperature variation was found negligible 
over the length of the hot zone ( 60mms)• The specimen position was 
situated well within the hot zone. The temperature indicated by the 
DIN thermocouple and the auxiliary thermocouple agreed within +1°C' 
when their hot junctions were adjacently situated, over the temperature 
rang o-l600°C. The furnace could be heated at a constant rate controlled 
with a Pt - Pt/l3%Rh thermocouple, placed near the windings in the 
hot zone, in conjunction with a 'Stanton Redcroft' linear variable 
programmer. Heating rates in the range l-20°C/min +-g-°C/min could 
be obtained.
To evaluate the shrinkage versus temperature curves in 
terms of ^ shrinkage versus temperature, a calibration chart was 
prepared as follows:
The light spot coiild be moved in vertical or horizontal 
direction manually with the help of two micrometers. One mounted on
Fig.11 Specimen holder assembly
of the 'Leitz' dilatometer
Fig.12. 'Standata 6-25’ 
DTA apparatus
the measuring head had graduations marked at intervals of 0.01mm, 
the movement of which effected an upward or downward movement of 
the light spot at magnificat ion fact ors of 200, 400 or 800x. A 
second mounted on the galvanometer effected horizontal movement 
of the light spot. The movement was coupled to a cross hair line 
which moved along the galvanometer temperature scale. With the 
help of these two micrometers a-calibration' chart was prepared by 
marking the ordinate at 3.11 interval of O.Olrnm (x200) and the abscissa 
at an interval of 10°C (least count of the galvanometer temperature 
scale). On plotting the calibration chart an actual magnification 
fact.or of 195x was found. All the dilatometer runs were carried out; 
at the nominal magnification factor of 200 and the calibration chart 
was used throughout to read off shrinkage and temperature from the 
dilatometer shrinkage curves.
2.2.2.2. Sintering procedure: Compacted and extruded specimens 
were prepared as described in section 2.2.2.1., but the thickness 
was reduced to approximately 2 mms. because the photographic film 
recorded total shrinkage and. was capable of recording maximum o'f 0.8mm 
shrinkage at the magnification factor of 200x.
A number of specimens were prepared from Balgel doped with 
thoria. Doping was carried out as follows:
A dilute sol was prepared by adding 50 c.c. distilled 
water to 10 gms. of Balgel powder. A weighed quantity of thorium 
nitrate was added to the sol so as to obtain 1.5 cation % thorium 
dioxide on firing. The sol was stirred vigorously to dissolve the 
nitrate and oven dried, at 60°C over a period of 24 hours. The dried 
gel was lightly crushed and sieved through -200 mesh prior to compaction 
To determine the effect of specimen preparation by such a method on 
dilatometer sintering, a number of specimens were also prepared 
from Balgel by the same method without doping.
Prior to each run the ordinate and abscissa were marked 
at an interval of 0.4mm (x 200) and 400°C respectively. This was 
necessary in order to read off shrinkage and temperature from the 
calibration chart and also proved useful as a counter check for the
calibration chart. The points were found reproducible within 
the reading accuracy of the film records.
Dimensions of the specimen were measured before and after 
each sintering run. All the specimens were sintered to loOO°C 
unless otherwise stated,, and furnace cooled. Care was taken to 
develop and dry photographic films under identical conditions.
The shrinkage in the films on drying was found to be negligible.
The difference between the initial and the final sintered thickness 
was found to be within !' 0.01 mm of the shrinkage measured from the film 
records-.- , On replotting the shrinkage curves obtained from the 
film records on fo shrinkage vs temperature basis? initially consider­
able variation along the shrinkage axes was found between three 
consecutive runs carried out on 3 specimens of a set of experiment.
This was found to be mainly due to variation in the green density 
of the compacts,(see section 3.2.1.), Therefore all the consecutive 
runs were carried out on 3 specimens having nearly identical green 
densities of each set. This resulted in good reproducibility between 
three runs of each set of experiments (+0*6$ of the average value, 
along the shrinkage axis). Correction due to difference between 
the thermal expansion of the specimen and alumina carrier tube was 
considered to be very small and therefore neglected. The repro­
ducibility of the inflexions observed in the shrinkage curves of
the gel specimens w a s ‘found to be  within +5°C of the average
value, along the temperature axis. The dilatometer runs reported 
in the text are the median of three runs carried out for each set 
of experiments.
For sintering under controlled atmosphere, a gas flow of 
150 c.’c./min ttfas maintained.
2.2.3* Density measurements
2.2.3*1* Apparatus:. A mercury densitometer similar to that described 
by Ashworth (9l) was used. As pointed out by Stringer (92), the 
hemispherical immersion head described by Ashworth could introduce 
errors in density measurements, simply due to failure of the mercury 
to conform to the shape between a cylindrical specimen and the 
hemispherical cap. Therefore the immersion head was replaced by a
TABLE. 3
Error involved in Bulk density measurement 
By mercury displacement method.
(Determined By measuring: densities of standard glass Bodies)'
•Indicated density 
Kg/m3 X 103
Measured, density 
Kg/m3 X 103
Error in measurement 
Kg/m3 X 103
2.28 2*24 —0 .04
'2.35 2.32 -0.03
2 .51 2.48 -0.03
2.58 2*55> —0.03
2.70 2.68 —0.02
2.89 2.86 -0.03
2.94 2.93 -0.01
3.08 3.03 —0 .0 5
3.88 3.86 -0.02
3.90 3.89 —0.01
three pronged glass immersion head, thus reducing the contact area 
Between the head and the specimen.
2.2.3«2. Procedures Exactly the same procedure which has Been 
described By Ashworth (9l)? was followed to measure the green and 
sintered Bulk density of the specimens. Ashworth has also determined 
the experimental accuracj*- of the apparatus. However, the experimental 
accuracy of +0.002gm/c.c obtained By him was probably Based on large 
specimens weighing up to 5 gms. A typical weight of the specimen 
used during present investigation, was 0.4 gms. Thus if one considers 
the .accuracy of weighing in air (+0.0001gms), weighing in mercury. 
(+0.01gms.), temperature dependence of the density of mercury 
(0.0025 °C * and the accuracy of the measurement of the pointer 
position in relation to the mercury surfacef it can Be calculated 
that maximum error involved in a typical density value of 3gm/cc 
is -J-0e03gm/cc. However5 these calculations do not account for the 
error involved due to failure of the mercury to conform to the shape: 
of the contact area Between the head and specimen. To determine this 
errors small glass Bodies with known densities were used. Average 
density of three measurements carried out on a number of glass 
specimens is shown in table 3* The maximum and minimum error 
observed is ~0.06gm/cc and O.Ogm/cc respectively. Considering the 
errors involved in physical measurement it appears that there is a 
systematic negative error of approximately 0.03gm/cc in measuring 
the Bulk density with the apparatus used during the present invest­
igation.
The densities reported in the text are the average density 
values of three specimens as measured i.e. without correction for the 
negative error. All the densities were calculated using a value of 
13.55gm/cc for the density of mercury.
2.2.4* Differential thermal analysis '
2.2.4*1* Apparatus: A 1standata 6-25* differential thermal analysis
(DTA) apparatus was used to study the thermal changes involved during 
heating of the alumina gels. The apparatus is shown in Pig. 12. It 
consisted of a, Pt - Pt/l3$Hh- differential thermocouple assembly* one 
arm of- which measured the temperature of the reference sample. A
double well alumina block (sintox), with dimpled thin walled 
platinum inserts (6 .25mm diameter x 8mm height), served as a 
specimen holder. A double pen chart recorder gave a trace of 
the differential temperature ‘A T 1 and reference sample temperature 
*T T as a function of time. An amplification of the ’AT* signal 
from 100 fiv/inch to 2.5 nv/inch (approximately l8°C/inch to 
0*45°C/inch) could be obtained. The temperature fT* was found to 
be accurate within *2°C. (Determined by carrying out DTA runs with• 
quartz and silver powders). A mullite tube closed at one end was 
provided, so that experiments could be carried out under controlled 
atmospheres. The DTA cell could be heated with a vertical alumina 
tube, platinum wire wound, furnace (see Pig 12). The furnace was 
heated with a mains power supply obtained through a *Stanton-Redcroft1 
linear variable programmer, as used for the dilatometer. The furnace 
heating rate v/as controlled'with a ■ Pt~Pt/l3$>Rh thermocouple, placed 
in the gap between the furnace tube and the mullite tube and 
situated in the hot zone.
2.2.4.2. Procedure: Qualitative DTA was carried out on all the three
gels and cerahydrate. This was done as follows:
Alpha alumina (BDH) was chosen as a reference material.
o 1This material was heated at 1300 C for -g- hour in a muffle furnace 
to remove any adsorbed moisture before using it for the DTA. Care 
was taken to weigh out equal amounts of test samples and reference 
sample and pack them under identical conditions in the platinum 
crucibles. Three runs were carried out for each test sample. All 
the runs were carried out at a constant heating rate of 15°C/min.
The reproducibility of the runs was found to be within +3°G of the 
average peak temperature, for the various peaks observed. Later it 
was decided to make use of these qualitative runs to obtain approx­
imate values of the heat of transformation of the metastable to stable 
phase transition in the gels and cerahydrate. To evaluate the heat: 
of transformation values, zirconium dioxide was selected as a calibration 
standard; because'it gives an endothermic peak, due to monoclinic 
tetragonal phase transformation, nearly in the same temperature range 
as that of the a  -phase transition in the test samples. Moreover, 
the heat of transformation of ZrO^ .has been determined accurately by
a calorirnetric method (93)* The reported value is 1420 Cal/mole.
Care was taken to weigh out the same amount of and pack the
povrder under identical conditions*. as that of test and reference • 
samples* in the crucible,, The calibration sample was cycled 3-~4: 
times before the final runs were made. The reproducibility of the 
phase transformation peaks, in the test samples and calibration 
sample, was found to be within +2% of the average peak area of three 
runs. To calculate the unknown heat of transformation', final heated
weights of the test samples were taken.
The calibration factor of the DTA instrument was determined 
using an expression due to Spoil (94)• He deduced that peak arpa is 
given by
r2Y = Peak area = I A Tdt -- AHm  _____ / s
where AT - differential temperature;
t^ - time after which reaction begins; tg = time before it dissipates; 
AH - heat of reaction per gram of sample (cal/gm). 
m = total mass of sample’; g = geometrical factor in eras; 
and A = heat conductivity of sample (Cal/deg. cm. sec.)
Thus knowing AH, m and peak area for the zirconium-dioxide; gA# 
the calibration factor could be determined. This calibration:factor 
was used to determine the unknown heat of transformation for the 
metastable to the stable phase transition of the test samples.
The above procedure is not strictly valid because in the 
derivation of eauation (3) Speil has assumed that the difference in 
the thermal properties of the reference and the test sample is 
negligible. Hence the DTA data of undiluted test samples was used 
only to obtain approximate values of the heat of transformation. A 
practical solution to obtain more reliable values is to sufficiently 
dilute the test samples with the reference sample, so that both the 
diluted test, and reference sample have nearly the same thermal 
properties (95)* To determine the heat of transformation by the 
dilution technique an expression derived by Cunningham and Wilburn (96) 
was used; because their expression evaluates the calibration -factor
of -the instrument independent of the thermal properties of the 
test and reference samples and therefore appeared to he more 
accurate. The expression is as follows:
( P2 - Pp. *PsnLa = - P1Sg — ---— (4)
where p. and P2 = ra-tes of heating (deg/rain);
and Sg = peak area (deg. sec); • •
O = calibration-constant 5
La = heat of transformation per unit mass of the ative 
material (cal/gm); 
ct = fraction of the active material; and Ps - hulk density of the 
test sample, ■ , -
Thus from equation (4) O can he calculated if La is knoWh and La 
can he calculated if Q is knovm.
It can be seen from equation (4) that to apply this 
expression, apart from dilution of the test samples, two different 
heating rates are required. Furthermore in derivation of equation 
(4) it has been assumed that the hulk density of the test and the 
reference sample is the same. Therefore the gel samples and the 
calibration sample were diluted with the reference a-alumina sample 
in a ratio 2:1 by weight. Because the gels lose different amounts 
of weight on dehydroxylation (see section 3«1»4*3*)> ^^e gels were 
diluted to yield a ratio of 2:1 on dehydroxylation. The mixing 
was carried out in a rotary mixer for 24 hours to ensure uniform 
mixing. To obtain nearly the same bulk densities of the test and 
reference sample, volume of the platinum crucibles was calculated 
from their inner dimensions and calculated weight of the test and 
reference sample was packed, so as to fill the platinum crucibles 
completely. However, small variation in the bulk densities was un­
avoidable because the volume of the platinum crucibles could not be 
determined accurately due to their dimpled shape. In the case of the: 
gels, the weighed amount was calculated to yield nearly the same 
density as the reference sample on dehydroxylation, and was confirmed 
by checking for weight changes after heating and for any shrinkage 
of the powder mass. Shrinkage of the powder mass was negligible and 
the weights were nearly the same as the reference sample.
While carrying out the DTA runs, linear heating rates 
of' 15°C/min'(+i°C/min) and 7i°C/min (+J-°C/min) were chosen i.e. 
in the ratio of 2:1 as recommended by Cunningham and Wilburn* Three 
runs were carried out for each of the test samples and the 
calibration sample at the above-heating'rates. Variation in the 
peak area was +4$ of the average peak area of three runs; higher- 
than that observed for the DTA runs carried out with undiluted 
samples• The probable reason was that inhomogeneities in the 
samples occurred due to the difference between the particle sise 
of the reference sample, and test and calibration samples* Slight 
difference in the bulk densities of the test and reference samples 
could have also affected the peak area.
To calculate the unknown heat of transformation values, 
the average value of the peak areas of three runs is used for both 
undiluted s-nd diluted DTA runs. The peak areas were delineated by 
dropping a perpendicular from the peak maximum and extending the 
base lines before and after the peak to intersect the vertical line. 
The area within such a delineated peak was measured by tracing it 
on an inch graph paper and counting the number of squares. The peak
areas are reported as inch 2.
2,2,5* Thermo gravimetric Analysis:
2.2«5*1« Apparatus; A 1stanton’ mass flow thermobalance was used 
for thermogravimetric analysis of the gels. This instrument could 
be used for simultaneous DTA as well. However, during the present 
work it was used only as a TGA. It consisted of a differential 
thermocouple assembly similar to that described in the previous 
section. The heating and controlling system was also similar itfith 
the exception that the TGA recorded specimen temperature with an 
auxiliary Pt~Pt/l3$Rh thermocouple'placed very near to the specimen 
holder* This thermocouple was enclosed in an insulated platinum 
sheath, which avoided contamination of the thermocouple.
The. instrument was of the deflection type. Change in weight
during heating was monitored continuously by a capacitance sensitive
follower. A full scale deflection of 20cms, on the chart corresponded 
to 20 mg. loss or gain in weight. At the end of the full scale
deflection 20 mg, weight was added or subtracted automatically by 
an incremental servo operated electrical weight loading system. The 
thermobalance could be poised by adding weights to a pan connected 
to the other arm, A two pen chart recorder, recorded weight loss 
or gain and temperature of the specimen as a function of time.
2.2,5*2. Procedures A powder sample of approximately 125.. mg.
was taken each time. A heating rate of 10°C/min '(+2°C/min) was 
used throughout as higher heating rates could not be obtained with 
the TGA apparatus used. The specimen crucible was placed centrally 
on top of the ceramic specimen holder block of the DTA assembly.
The balance was poised before each run and the instrument was run 
for about 10 minutes to obtain a steady base line before commencing 
the heating each time. Three runs were carried out. for each test 
specimen.. The curves were replotted on the basis of percentage wt. 
loss along theordinate and temperature along the abscissa. The shrink 
reproducibility of three runs was found within +0 .2$ of the average 
run along the ordinate, whereas the inflexions in the TGA curves were 
reproducible within +5°C*
2.2.6. X-ray ?,nalysis:-
2.2.6.1. Apparatus:- All the phase identification work’was carried 
out with a Debye Scherrer PH1024* (11.48 cms) powder camera. A nickel 
filtered Cuka radiation was used. A 35KV* 15mA X-ray source-was 
used, which was obtained from a Philips FW1008 X-ray generator.
For crystallite size measurement a Philips PVJ1050 X-ray 
diffractometer was used. A nickel filtered Cuka radiation and a 
scanning speed of ^/8°,2B was used throughout. The diffractometer 
trace was automatically recorded on a strip chart recorder. The 
intensity of X-radiation was recorded as a function of the angle 
traversed by the radiation counter.
2.2.6 .2. Procedure: Phase identification was carried out on as 
received and calcined powders as well as sintered specimens. The 
sintered specimens were crushed and ground in an alumina inortar and 
pestle prior to analysis. Specimens for the analysis were prepared 
by packing the powders in special glass capillary tubes of 0 .3  mm in 
diameter, sealed at one end. The capillary tube was mounted in the
brass stud of the powder camera, and was carefully aligned. An 
exposure time of 4 hours was used throughout. Care was taken to 
develop the films under identical conditions. The line■spacings 
were measured with a vernier scale and the accuracy of measurement 
was within 40.1mm. However, broadened lines could be measured only 
to an accuracy of +0.2mm, because of the uncertainty of their 
peaks. Weak.diffused lines could not be measured with any accuracy.
In terms of *d' spacings the accuracy of sharp lines was within 
- +0. 03? and +0. Q6t for broadened lines.
Crystallite size measurement was carried out on as received
and calcined gel powders. (400) and (440) reflections of boehmite
and Y alumina phase were selected, for the determination of the
»
crystallite size. To calculate the crystallite size, Scherrerfs 
formula (97) was used:
p=JLL_
£ COS 0
where p= integral breadth? A= X—ray wavelength; £= mean 
apparent crystallite size; 0 = Bragg’s angle and K « Scherrer constant. 
IC vms taken as unity. Correction.due to instrument broadening was 
neglected as it was found to be very small compared with line broad­
ening of test samples.
2.2.7• Electron microscooy:tzszzssz&zzsa  .......... . . .....
2.2.7.1.' Aooaratus:
tssrssszsssssssasi " * ir "» 5i—■' 1,1
i) Scanning Electron microscope: A 'Cambridge' stereoscan Mk II
o
was used. The instrument was capable of resolving down to 200A 
under ideal conditions when a 30 k.v electron source was used.
An arrangement was provided to observe the specimen image on a 
fluorescent screen and to photograph it with a 35 mm film camera.
ii) Transmission electron microscope:- A 'J.E.O.L. 100B* electron 
microscope was used. The instrument was capable of resolving down 
to 3^ with 100 lev. electron source under ideal conditions. A 
goniometer stage was' provided so that specimens could be tilted 
within +30 C' during the examination. The image or electron diffraction 
pattern (with selected area apertures of 0 .25Hm> 0 .5HM, lFm 'and-
L5|im) could be observed on a fluorescent screen and photographed
(5)
with a plate camera.
2.2.7.2. Procedure
i) Scanning Electron microscopy:
Specimen preparation:- Loose powders, and surface and fracture' 
of sintered specimens were observed. Powder specimens were 
prepared by loosely spreading the powder on a 12mm diameter 
circular specimen stub smeared with a thin layer of 'Evostick1 
adhesive. Excess powder was blown off and the stub was coated with 
a thin layer of Au~Pd alloy in a vacuum coating unit. Sintered 
specimens were prepared by gluing them on the stubs with the adhesive, 
coating with colloidal graphite paint on the surfaces which were not1, 
to be examined, and subsequently coating them with the alloy in the' 
vacuum unit.
Examination: The specimen stubs could be mounted in a specimen
stage, which allowed x, y and t (vertical) movement plus rotation 
(360°) and tilt (0-90°) towards the electron collector. All the 
observations were carried out with 30kv electron beam and1 200pm 
aperture to obtain best possible resolution. Electron images were 
recorded with the 35mm camera using Ilford FP4 film.
ii) Transmission electron microscopy:
Specimen preparation: Powder specimens were prepared by dispersing
2 mg. of powder in 50c.c. of methyl alcohol ultrasonically. The 
suspension was sprayed with an 'Agla* atomizer on a microscope glass 
slide coated with a thin layer of carbon. The carbon film was 
squared, floated off on water and lifted on 3mm diameter, 200 mesh, 
copper grids; and stored for subsequent examination.
Prior to examination sintered specimens required to be:
o
thinned down to a thickness of approximately 1000A. This was done 
as follows:
The specimen was slit with a diamond-wheel to a size suitable 
for mounting in a screw jig. One surface of this specimen was 
polished with 14pm diamond paste. The polished face was glued on to 
the jig head with an 'Eastman 9101 adhesive. The other face■'was
ground carefully on 600 grit emery paper until the specimen thinned 
down to approximately 150prns. It was further polished with 14|irn 
diamond paste down to a thickness in the range 50"”75Pm* The 
mechanically thinned specimen was.removed from the jig head by 
boiling in 'Dimethyl formamide* 'solvent.
The final thinning was carried out in an 'Edward high 
vacuum I B M —I' .ion beam thinning machine, similar to that described 
by Barber (98). The mechanically thinned specimen was mounted 
across single hole 3mm diameter electron microscope grid and held 
in place by two drops of colloidal silver suspension. The grid was 
then held in the specimen holder of the IBMA-I machine. The specimen 
holder was mounted in the machine so as to obtain an angle of tilt 
of 15° towards the ion beam. Argon was used as ion source' and the 
specimen was irradiated with a 50pA - 5kv ion bea.m from both the sides. 
The specimen holder was revolved continuously to obtain uniform 
thinning of the specimen. The specimen thinning rate was found to 
vary with specimen porosity and beam current. The beam current 
increased with increase in the cathode plate aperture. Once the 
beam current was beyond 70-80pAs, the thinning rate reduced consider­
ably, therefore the cathode plates were periodically changed to obtain 
optimum thinning rates.
Examination: Sintered specimens had to be coated with a very thin
layer of carbon film prior to examination as excessive charging of 
the specimen resulted in instability of the electron beam. 
Unfortunately this resulted in reduction in diffraction contrast and 
finer details within the specimen could1 not be well photographed. 
Another problem encountered was that of slow removal of the carbon 
film from the specimen surface. This resulted in complete fogging 
of the specimen details. Therefore attempts were made to carefully 
break the thinned parts of the specimen and hold them between two 
copper grids. This however, did not result in reduction in charging* 
probably because of insufficient contact between the specimen and 
copper grids.
All the specimens were examined under lOOkv electron source. 
For tilting the specimen a special specimen holder was used which
tilted the specimen +30° about two orthogonal axis. Tilting could 
be achieved with a motorized drive via a foot control.
Routine procedures for alignment of the electron beam 
are well established and are not discussed here. Care was taken to 
carry out these adjustments rigorously so as to obtain !best- possible 
resolution under the prevailing conditions, (it should be noted here 
that charging of the specimen could not be completely eliminated and 
was a constant source of trouble. This also resulted in considerable 
loss of resolution at higher magnification because objective astigmatism 
could not be satisfactorily corrected). The electron images could be 
photographed on the photographic plates automatically with a built 
in exposure meter. For photographing diffraction patterns, exposure 
time had to be controlled manually. Ilford EM5.plates were used for 
recording specimen image and diffraction patterns.
2.2.8. Ball milling: Powders were milled in an alumina, cylindrical
vessel with an alumina cretoid. Killing was carried out in a Glen 
creston vibrating mill. A charge of 5 gms was used for each run 
and milling-was carried out for 48 hours. As received a -alumina, 
and Balgel (MgO) calcined at 1300°C for 2 hours was milled in this 
way.
CHAPTER 3
EXPERIMENTAL RESULTS
/ '
3*1« Characterization' of the gels; Characteristic of the as 
received.gel powders and progressive changes occurring on heating 
these gels were studied with the help of TEM, SEM, X - r a y  analysis,
TGA and DTA, and the results are presented below.
3»1«1» TEM Results? Pig 13 and 14 show the electron micrographs
of as received Balgel (MgO) and G.C. alumina powders respectively.
It can he observed that the particulate morphology of both these
gel powders is very similar. The easily distinguishable particles
o
have sizes in the range 200-500A. The continuous electron diffraction
rings observed by selected area, diffraction technique using an
aperture of 0 .2 5pm suggested that these particles consisted of
aggregates of much smaller crystallites. It is difficult to
distinguish discrete crystallites within the particles on the
micrographs of this kind but when they can be observed, they appear^
o
to have a size in the range 50-75A. An example of such a micrograph 
of G.Go alumina particles is shown in Pig 15* The flaky or rod like 
appearance of the particles could have been the property of the 
method of preparation of the dispersant and may not be the character­
istic shapes of the particles. * •
Characteristic of Baymal have been studied in detail by
electron microscopy (8) (l6). Its fibrillar nature was confirmed
during the present investigation (Pig.l6). The electron micrograph
o o
shows fibres 50 i° 0OA in diameter and 1000 to 2000A long.
The particles of cerahydrate were found to have well- 
defined prismatic or rhombic shapes with lateral dimensions in the 
range l-2pm. The thickness of the particle was small compared with 
the other dimensions. Single crystal electron diffraction patterns 
were observed suggesting that the particles were single crystals.
Attempts were made to examine Balgel and G.C. alumina 
powders calcined in the temperature range 600-1200°C:. However,
Fig.13. Electron micrograph
of the Balgel particles
Mag:- 93K
Fig.14. Electron micrograph of
the G.C. alumina particles
Mag:- 75K
Fig.15. Electron micrograph of 
the G.C. alumina 
particles at a higher 
magnification of 150K
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Electron micrograph 
of Baymal particles
Mag:- 60K
Scanning electron 
micrograph of as received 
Balgel aggregates
Mag:- 400X
Scanning electron 
micrograph of the 
cerahydrate aggregates
Mag:- 2.IK
they x-jere not successful because the particles appeared too'
thick to transmit the electron beam. Calcined Baymal powders
x-jere not examined, 'as these poxvrders have been examined elsexjhere (l6).
3»1 •»2. SEH Results; Scanning electron microscope studies shox^ed 
that the aggregates of as received Balgel (MgO) powders consisted 
of microspheres (Fig 17) whereas those of as received G.C. alumina 
and Baymal powders were irregular in shape. Apparently on 
calcination in the temperature range 600-1300°C‘ the aggregate 
shapes are retained and it•was not possible to distinguish them 
from the aggregates of as received gel powders. The as received 
Balgel (MgO) microspheres could be easily destroyed by dispersing 
in x^ater, whereas the calcined microspheres retained their shape 
even after vigorous ultrasonic agitation. These observations suggest 
that considerable sintering takes place within the aggregates during 
the calcination process. Similar observations were made for the G.C. 
alumina powders although the aggregates were irregular in shape.
A stereoscan micrograph of the aggregates of as received 
cerahydrate pox-zder is shown in Fig 18. The morphology is not very 
clear but aggregates apbear to be clusters of angular particles.
The TEM examination (section 3-1*1*) suggests that these clusters 
break up in the form of triangular or rhombic plates on dispersing 
with water.
3.1^3« X-ray analysis: X-ray analysis of as received gels showed
that they were crystalline in nature. Considerable broadening of 
the lower angle diffraction line s'* was observed indicating that the 
gels had fine crystallite size. The observed ’ d 1 spacings and 
visually determined intensities corresponded, well with the ASTM ' 
X-ray diffraction data of the boehmite phase. The crystallite size 
measurements carried out using a line broadening method yielded 
values of 65A + 10^ for Balgel and 72^ + 10A for G.C. alumina. This 
value for G.C. alumina is in good agreement with the electron 
microscopic value.
The diffraction pattern of cerahydrate powder showed in 
addition to boehmite lines some strong lines of gibbsite. The 
presence of gibbsite in the cerahydrate poxvder was confirmed with
TABLE 4
X-ray diffraction data of Y , 0 and a-alumina
Y (a) e (d) 6 (e) a (f)
d(A): d(A) V l x . d (A ) Vii d(A)
T 1
hkl.
, r — mo» 5.47 5 ■3.479 75. 012
- 5 .2 30 5.06 3 2.552 90 104
4-56 40 4*5 60 4.57 10 2.379 40 110
- . - 4 .00 3 2 .I65 1 006
- - 3.53 20 - - . 2 .085 100 113
2 .8 0 20 2 .85 80 2.859 60 1.964 1 202
— — 2.72 80 2.731 100 1.7.40 45 024
— — 2 .56 30 - ' - ■ 1.601 80 116
2.39 80 2.43 80 2.462 80 1.546 3 211
2 .2 8 ■ 50 2.31 60 2.314 40 1.514 5 122
~ - 2,24 60 2.264 30 1.510 7 018
- - 2.11 10 I .404 30 124
1.977 100 2.01 80 2.028 80 1.374 5.0 030
- 1.9,1 40 1.913 40 1.337 1 125'-
1 .80 30 1.800 5 1.276 3 208
- — 1.73 10 - - 1.239 15 1 .0 .1 0
- - 1.61 20 . - _ 1.2343 7 119
1 .520 30 1.54 60 1.538 20 1.1898 7 220
- 1.49 40 1.484 20 1.1600 1 306
— - 1.45 40 1.456 20 1.1470 5 223
— — 1*43 10 1.429 10 1.1382 1 311
— ■ - 1.40 60 1.407 30 1.1255 5 312
1.395 100 1.39 100 1.392 100 1.1246 3 128
I .140 20 1.34 10 1.0988 7 0 .2 .1 0
1.027 10 1.29 30 1.0831 3 0 .0 .1 2
0.989 10 1.26 20 1.0781 7 134
O .884 10 1.23 20 1.0426 13 226
0 .8 0 6 20 1.0175 1 402
0.9976 11 1 .2 .1 0
0.9357 ■. 1 1 .1 .1 2
plus 2 lines to
......
0.7931
a) Rooksby, Ref. (23 )
t>) Lippens, Ref. (6)
c) Rooksby, Ref. (24 )
d) A.S.T.M. X-ray card No- 11-517
e) Lippens, Ref. (6)
f) Nat. Bur. Standards (U.S.) Circ.539? 9 (1959)-
TABLE 4 (cont’d)
Powder diffraction data for 6 alumina
6 (U)
a (A ) '  1/i1
6 (c)
d(A) V i i
1,6 2 7*97 8
6 a 4 2 6 .58 10
5*53 ' 2 5*85 1
5*10 5 5*07 20
4*57 8 4.71 3
4*0? 8 4.05 20
3*61 2 3*75 2
3.23 2 3*56 7
3*05 2 3*40 10
2e88l 5 3.28 15
2.728 20 3.21 10
2.601 15 3*03 10
2.460 40 2.783 30
2.402 10 2.593 70
2.315 . 5 2.457 70
2.279 25 2.311 40
2.160 3 2.277 30
1.986 50 2.156 25
1*953 25 1.989 70
1.914 8 1.950 65
1.827 3 1.833 2
1.810 5 1.796 7
10 628 5 1.759 3
1.604 3 1.730 1
1.538 5 1.701 4
1.517 10 .1 .6 1 6 10
1.456 5 1.602 15
1.407 35 1*572 1
1.396 65 1*543 10
1.507 20
1.462 8
1.453 2
1.407 60
1.392 100
1.298 10
1.235 10
1.178 5
1.140 15-
Observed -X-ray 1 &1 spacings of calcined G.C. alumina powders
G.C. - 600 °C G.C« - 800 °C G.C.- 1000°C G.C’.- 1150°C G.C.- 1200°C
a(A) I d(A) I d(A)
F
1 d(A) I • a (a ) I
4-575 w(b) 4.563 w(b) 4 .6 0 VI
5.47
4.56
VI
w
8 .7 1
6 .8 8
D
D
—  ■ - 4.077 vw 5.42 D
__ _  ‘ -» — ~ 3.54 VI 4.54 v w
— 2.869 m 2 .85 m 3.48 vs
2.747 w(t>) 2.75 vi(b) 2.72 s 2.726 s 2.84 vw
~ — 2.59 VI 2.578 V7 2.72 VI
2.42 w ( b ) 2.4-15 w(b) 2.44 ms 2,44 <3 2.54 vs
. — _ - 2.312 m 2.44 VYJ
2.278' . s 2.278 s 2 .2 8 m 2 .2 5 m 2.377 s
Jn_ — — —  ■ — 2 .158 v w 2.312 W I
• mm mm ’ — - 2.01 ms 2 .2 5 W I
1 .969 v s  .(b) 1.971 . v s ( b ) 1.99 s 1.98 ' m s 2 .1 5 8 W I
— 1.94 m 1.945 m 2.089 v s
mm — 1 .90 m 2 .0 2 1 W T
— _ 1.796 w 1.797 VI 1.955 Wtf
mm — —  . — _ 1.734 w 1.903 v w
- . ^ — — — 1.606 W I 1.79 W I
1 .52 w ( b ) 1.52 w ( b ) 1.537 v w 1.537 m 1.738 s
mm — — 1.499 W 7 1.505 VI 1 .601 v s
_r — _ — — 1.479 VI 1.544 VI
- T mm _ — — 1.452 VI 1.511 w  •
— _ — 1.424 VI 1.495 W-7
—» . — 1.404 w 1.400 VI 1.452 WI
1.395 v s ( b ) 1.395 v s ( b ) 1.391 v s 1.385 v s 1 .404- s
1.14 w ( b ) 1.14 w ( b ) 1.138 VI 1.293 v w 1.387 W I
N . D . w i 0 .987 vi(b) 1.26 v w 1.372 s
N * D .
0.805
)
w
w ( b )
O .885
O .804
vi(b)
vi(b)
1.23 v w 1.335
1.275
1.236
plus 27
W I
W J
m.
lines
v.s. = very strong? s = strong; ms = medium strong; in = medium; 
vi — vieak; v.vi. = very weak; (b) = broadened; D = Diffused#
For broadened, diffused and very weak lines the 1d ' spacing could not 
be measured accurately.
•the supplier (They estimated approximately 10% gibbsite by 
■X-ray analysis)* As purer material was not available, the 
same material was used for the rest of the investigation*
The sequence of phase transformation during calcination 
of the gels was studied by analysing the X~ray diffraction powder- 
photographs of the Balgel (MgO) and G.C* alumina powders after 
calcination to various predetermined temperatures. The photographs' 
were examined for all the possible metastable phases summarized in 
table 1* Good agreement was found with the !d f spacings reported 
for y ,§ , e and a-phases* The diffraction data for Y ?6 ? G andg 
phases are shown in table 4 * It can be seen from this table that 
it is difficult to identify the metastable phases when they are 
present as mixture's.
During the present investigation Y phase was not observed
for the gel powders calcined at 1000°C: and above. It would not
have been possible to positively identify presence of Y phase in
these powders in small quantities because all the strong lines ofY
overlap with 5 and/or 0 phase lines. This can be deduced from table
4* Any simultaneous presence of 6 and 0 phases was determined on
the basis of the presence of diffraction lines with !d' spacings of
1.93A and 1*95A f°r "th© 6 and 2.01$ and 1*91^ lor the ,G I phase,
following the suggestion of Lippens (6). According to Lippens
the strong line of 1.977A for the Y splits into a triplet of 1 .98^, 
o o
I.95A and 1.91A on formation of the !8 5 phase, whereas it splits into
a doublet of 2.01A and 1. 9lX on formation of the 19 1 phase. However,
o
during the present investigation the 1 d1 spacing of 1.91A not 
observed when the ’ d1 spacing of 2. Oli was not present.
The observed ‘d’ spacings of the calcined G.C. .alumina 
powders to different temperatures of 600°C, 800°C, 1000°C', 1150°C: 
and 1200°C are shown in table 5* The observed fd ‘ spacings of the 
calcined Balgel (MgO) powders to the same temperature showed close 
similarity with the observed 1 d1 spacings of the G.C. alumina powders 
The crystallographic phases determined for the calcined G.C. alumina 
and Balgel (MgO) powders are summarized in table 6. It is observed 
that both these gels convert to a-alumina through the following rout
Summary' of the phases present in the 
calcined Balgel and -G.C* alumina powders
Specimen
Calcination 
temperature °C.
G ryst al 10 gr aphi c 
phase present
• Balgel (llgO) 600 Y
ti  i 800 Y
»»' 1000 6
it< 1150 6 + 0
u • 1200 a + trace 0
G«C. alumina 600 Y
u 800 Y
i i 1000 6
tt> 1150 6 + 8
i i 1200 a + trace 0
boehmite — *Y  (600~800°C) — — *>S(lOOO°C)----► 6+0 (ll50°C)— ^
— > trace 5 -5, g 4. a -Al^O^ (l200°C).
It should be noted here that to correlate the results of the 
calcined powders with those of sintered specimens reported later 
(section 3 *3«2 „), the calcination was carried out at a heating 
rate of 15°G/min and.the powders were immediately furnace cooled on 
attaining the predetermined temperature•
A progressive reduction in the line broadening of the 
'lower angle diffraction lines■was observed, with the increase in 
the calcination temperature, from the-powder photographs of the 
calcined gels. This suggested that crystallite growth was occurring 
at higher temperatures. The crystallite size measured by the line 
broadening method from the X-ray diffractometer traces of G.C. 
alumina and Balgel (MgO)'powders calcined at 600°C: and 800°C- 
yielded values of 55^ - + 10-S for the G.C. alumina, and 45 + 10X
for the Balgel (MgO) at these temperatures. However, these measure­
ments could not be carried out with the powders calcined at higher 
temperatures because the progressive transition from Y to 6 and 0 
structures resulted in considerable overlapping of the diffraction 
profiles. The present limited evidence suggests that the crystallite 
size of the gels reduces slightly on dehydroxylation and increases 
gradually -with the increase in calcination temperature.
3.1.4* D.T.A.. results:
3•1 * 4 * 1. Qual tative results:- The D.T.A. curves for the Balgel
(MgO) and G.C. alumina are shown in Fig 19 and for the Baymal and
cerahydrate in Fig 20. The results are summarized in table 7*
The D.T.A. curves for the three gels show.'similar characteristics
in most respects. There is a small endothermic peak at a temperature
of approximately 107°C followed by an exothermic peak in the
temperature range l80-330°C which is of variable magnitude. A large
endothermic peak is observed in the temperature range 475"*485°C: an(^
an exothermic peak in the temperature range 1220-1270°C, The Baymal
sample showed an additional reproducible broad exothermic peak at
o
approximately 520 C.
The low temperature endothermic peak has been attributed to
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Summary of the. DTA results
Material
De-moistur- 
isdng 
peaic O'
Exo­
thermic 
peak °C'
Endo­
thermic 
peak °C’
Dehydroxy­
lation
i °rt.peak C
phase 
trans­
formation 
peak ■ °C;
Balgel (MgO) 110 188 — 476 1223
G.C’. Alumina 106 247 - 484 1239
Baymal 106 326 - 478 1269
Cerahydrate . — —
COCM 561 1246
TABLE 8
Summary of the AH values calculated 
from the' phase transformation peaks, 
of undiluted samples.
Material
vrt of sample 
on heating to 
1350°C in gms.
Area in 
sq. inches
AH
Kcal/mole
Balgel (MgO) 0.0779 3.18 5.15-
G.C. Alumina 0.0787 2.99 4.76
Baymal 0.0708 1.18 2.10
'Cerahydrate 0.0869 2.30 3.34-
the 'removal of adsorbed moisture ( 132). The X-ray analysis 
(section-3*1*3) showed that at 600°C the gels are completely 
converted to !Y f alumina, therefore, the second endothermic 
peak is clearly due to the loss of chemically.combined water in 
the gels0 The shape of the peak suggests that water of hydration 
is lost over a wide range of temperaturec
The exothermic peak observed in the temperature range 
1220-~1270°C: is due to the transition to a-alumina as was confirmed 
hy the X-ray analysis (section 3.® 1*3)* Yakokawa et.al (99) have 
reported that the change is accompanied by an evolution of heat 
amounting to 3-4Kcal/mole,■from their heat of dissolution studies 
on the metastable aluminas. The exothermic peaks for Bad gel (MgO) 
and G.C. alumina are large, sharp and markedly similar® In contrast 
it is small, broad and is shifted to a higher peak temperature, of 
1269°C' for the Baymal powder.
A major difference found between these gels concerned the 
exothermic peak in the temperature range 180~330°C. The G.C. alumina 
shows a sharp exothermic peak at a temperature of 247°C'j whereas 
the Baymal powder shows a broad peak at 326°G® In contrast the 
Balgel (MgO) shows a very small peak at l88°C'. The explanation 
for this peak is uncertain, however, it may be related to the 
anionic impurity content, as can be seen frorii table 2. Balgel (MgO) 
which has the lowest anionic impurity content shows the smallest 
peak. It is possible that these anionic impurities undergo exothermic 
reactions. The occurrence of an exothermic following the end of 
dehydroxylation peak in the Baymal-powder also remains to be explained. 
Clearly more work is.required to resolve these problems.
The overall behaviour of cerahydrate is not very different 
to that of the gels. There are, however, some differences in detail. 
From Fig. 20 it can be seen that cerahydrate does not show the 
demoisturizing peak observed for the gels indicating absence of 
adsorbed moisture. At 280°C' a small endothermic peak is observed; 
corresponding to an endothermic peak observed by Scott and Horsmann 
(70) during their D.T.A. investigation of gibbsite powder. They 
observed this peak at 2rJ^ °Gl and attributed it to the partial conversion 
of gibbsite to boehmite in accordance with their X-ray analysis. In the
present case gibbsite was observed in the cerahydrate (section 3«1.3) 
and it is therefore concluded that the endothermic peak observed is 
due to the conversion of residual gibbsite into boehmite. The D.T.A. 
curves of Carruther and Wheat (lOO) for cerahydrate also shows such 
a peak® However, the authors have not explained its occurrence®
The dehydroxylation peak for the cerahydrate is sharp and
approximately 25% larger than those of the gels. This difference
in area of the dehydroxylat ion peak between cerahydrate and' the gels
probably arises from the creation of the relatively large surface.
area on dehydroxylation of the cerahydrate compared to the gels. H e r
has determined sp. surface area of cerahydrate and Baymal before and
after dehydroxylation of these powders by nitrogen adsorption method
2(l6)c He has reported a sp. surface area value of 1.3m /g and 
249m /g for the as received and dehydroxylized cerahydrate respectively
2 2
a-nd a sp. surface area of 275m /g anc- 284m-/g the as received and 
dehydroxylized Baymal powder. An approximate calculation assuming 
a sp. surface energy value of 500erg/cm shows that heat energy as 
much as 600cal/raole will be absorbed during the dehydroxylation 
of the cerahydrate powder. However, heat of reaction values for 
the dehydroxylation of cerahydrate and the gels are not available 
to calculate proportionate contribution of the heat absorbed due to 
surface area creation, nevertheless the estimated magnitude of this 
effect appears reasonable to account for the difference.
The final exothermic phase transformation peak for 
cerahydrate is shallow, broad and occurs at a tempera/ture of 
1246°C, intermediate to that of G.C. alumina and Baymal. The peak 
appears similar to that of Baymal but is larger in area..
3.1«4«2. Quant it at ive result s : The D.T.A. runs shown in Pigs.
19 and 20 were also used for the quantitative determination for 
the heat of transformation value for the metastable to the stable 
phase transition in the gels and cerahydrate. The equation (3) 
(section 2.3®4-2) derived by Speil (94) was used for the computation. 
The equation can be rewritten as follows:
where g calibration factor? AH = heat of reaction of the 
reactive material per unit mass? m = mass of the reactive sample5 
and y = peak area* .
The initial weight taken for the test samples? the
reference sample and the calibration sample was 0*1038 gms.
However? on heating the gels and cerahydrate lost different amounts
of weight. Their final weight on heating is shown in table 8 along
with their corresponding median peak areas of three D.T.A. runs*
The median peak area value for the calibration standard was found 
2to be 0*96 in ♦ No weight change in the calibration and reference 
seimple was observed on heating*
The equation (5) can be used to calculate the calibration 
factor gAj knowing the weight m? peak area y? and the heat of 
transformation of the calibration sample. The values are as follows:
m  (Zr0 ) = 1420cal/mole =.11.45cal/gm (ref. 93)
2
y = 0.96 in ; m = 0.1038 gms. hence
g\ = 11*48 x 0.1038 = 1.23 cal/in2
0.96
using this value of the calibration factor gA> the heat of trans­
formation of the gels and cerahydrate can be computed. For example, 
taking the values of y = 3.18 in , m - 0.0779gms for Balgel (MgO) 
from table 8, the following heat of transformation is obtained:
3.18 x 1.23 
0.0779
50 .2  cal/ gm.
5 .15 kcal/mole
Heat of transformation values calculated in the same wxay for the 
other gels and cerahydrate are shown in table 8.
It has been pointed out in section 2.2*4*2. that the 
expression derived by Speil is not valid for the undiluted samples.
AH
Balgel (MgO) 
hence AH Gal/mole
TABLE 9
Bata for calculating the heat of transformation 
values of diluted gel powders
Material P  °G/ * ^ m m
°n.
Pg /min
2
S1 ia
2Sg in 0 P ^/cc
Balgel(MgO) 7.5 15 = 2 c 57 20641 0*66 0*735;
Baymal 7»5 15 Oe85 O 085 0*66 0*735
Zr02 7.5 15> 1.46 1.59 0,66 0*735
However, the AH values shown in table 8 give an approximate idea 
of its magnitude for the individual powders* It can be seen that 
Balgel (MgO) gives the 'largest and Baymal the smallest heat of 
transformat ion value* Therefore these two materials were further 
investigated by the B.T.A* using the dilution technique* The dilution 
technique has been described in section 2.2*4*2.
A higher variation in the transformation peak area was 
observed for the D.T.A* runs carried out on the diluted samples*
The probable reason was that inhomogeinities in the samples occurred 
due to the variation in the particle size of the test, calibration 
and reference samples, in spite of the care taken to mix them 
thoroughly in the rotary mixer* Therefore the average area, of three 
runs was used to calculate the results*
The equation (4 ) given in section 2*2.4*2* is as shown 
below: '
( p 2 -  P1) o Q  P La = P2 S1 “ P1 S2
where p^ and p^ are rates of heating, and and the peak areas 
Q =  calibration factor, La = heat of transformation of the active 
material per unit mass* o ~ fraction of the active material 
p = bulk density.
Values of p B0 S S c ,  and p for the Balgel (MgO), 
Baymal and ZrO^ (calibration sample) are shown in table 9* Using 
these values and the heat of transformation value for ZrO^, the heat 
of transformation values of Balgel (MgO) and Baymal can be calculated 
as follows:
The heat of transformation value for ZrO^ is ll*45cal/gm. Taking 
the values of p^ p2 S^ . c  and p for ZrOg'from table 9 'and
using equation (4) one gets a value for the calibration factor
P2S1 ~ PlS2
Q  = — _____ ________
(P2~Pl) Ba
15■ xO.85- 7.5 x O.85
(15-7.5) x 0.66 x 0*735 x 11*45
. 2 3  
1.5325 m  cm
cal.
From this calculated value ofQ, the heat of transformation value 
for the Balgel (MgO) can he obtained as follows:
—  15 *2.57 - 7*5 x 2.64
(15-7.5) x 0*66 x 1. 5325 x 0*735
= 33.6 -cal/gm
hence AH cal/mole = 3 *43kcal/mole.
Similarly a value of 1.825kcal/mole is obtained for the Baymal 
powder*
The above results are accurate only within approximately 
+3*~4/°j because of the variation in the peak area observed and 
errors involved in calculating the bulk density of the samples (see 
section 2#2*4.2).
Comparing the results for the undiluted and diluted Balgel 
(MgO) a»nd Baymal samples it is clear that the undiluted samples 
tend to give higher results * Apart from the difference in thermal 
properties of the undiluted and the reference samples, a more probable 
reason appeared to be shrinking of the undiluted Balgel (MgO) sample 
during heading. It has been observed (126) that the peak area tends to be 
higher if the sample shrinks and loses contact with the crucible 
wall, because this may decrease the heat conductivity, and from 
equation (3) it can be seen that this will result in increase in 
peak area* This is further supported by the observation that undiluted 
Baymal sample did not show such shrinkage and consequently the 
difference between the heat of transformation values obtained for 
the undiluted and diluted samples is small.
Furthermore, it can be seen that there is a difference 
between the heat of transformation values of the individual powders 
even on dilution. Probable reasons for this are discussed in 
chapter 4*
3.1F5« T.G.A. results: The T.G.A. curves for Balgel (MgO), G.C.
alumina, Baymal and cerahydrate are shown in Fig 21. The curves 
for all the three gels show marked similarity. It can be seen that 
the gels lose their weight in two distinct stages. The first stage
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occurs over the temperature range 100 to 250 C and corresponds well
with the demoisturizing peak temperature range observed by the D.T.A.
o
The second stage which occurs over the temperature range of 250 to 
500°C: corresponds to the dehydroxylation peak temperature range.
On the other hand cerahydrate* which does not show a demoisturizing 
peak, loses its'weight only in one stage sharply over the temperature 
range of 550 to 600°C in good agreement with the D.T.A. results. This 
suggests that the excess weight lost by the gel up to 250°C is due 
to the removal of adsorbed moisture. The higher weight loss in 
the Baymal is probably due to removal of acetic acid whi'ch is present' 
to the extent of 9*8$ by weight. The T.G.A. results for G.C, alumina 
and cerahydrate are in good agreement with those obtained by Matkin 
et.al (15).
3*2. Isothermal sintering
3*2.1o Sintering results; Isothermal sintering was carried out
of Balgel (MgO) extruded and pressed compacts. The results are 
presented in the form of density versus log time plots, in an attempt 
to correlate them in terms of Coble’s intermediate stage model (see 
section 1.3«2.2). Pig 22 shows the density versus log time plots of 
extruded Balgel (MgO) specimens, whereas Pig 23 shows the comparison 
between the density versus log time plots of the extruded and pressed 
specimens sintered in the same batch. The sintered densities of the 
extruded and pressed specimens sintered in the same batch are shown 
in table 10. A considerable scatter in the green densities of the 
extruded and pressed specimens was observed. The variation was in 
the range 1.5 - 1.65 x 10^kg/m^ for the former and 1.8 — 1.95 
x 10Jkg/m for the latter respectively. This variation is probably 
the cause of scatter observed in the densities of the sintered 
specimens as can be seen from Pig 22 and 23* However, a linear trend 
of the densification with log time is apparent. Straight lines have 
been drawn to emphasize the linear trend. Prom the slopes of these 
straight lines it is clear that the gels have a very low rate of 
isothermal sintering. The poor sinterability of the gels is in . 
contrast to the higher rates of sintering observed by Coble for Linde 
A compacts (see Pig 3)5 that this behaviour is not connected with 
sintering of the gels in the as received state is apparent from the 
results obtained by Baggaley et.al (77)* They isothermally sintered
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table 10
Isothermal sintered density 
of pressed and extruded Balgel specimens
Density Kg"/ m^ X
3H r Density Kg/rn^ X
3H r
Balgel Pressed Balgel Extruded
Time 
\  hrs 
T e m p \
c \
i
& 1 2 4
i
"e 1 2 4
1100 2.32 2 .38 2 .44 2.39 1.92 2.04 2 .16 2.19
1200 2 .78 2 .81 2 .82 2.77 2.47 ■ 2.43 2.47 2 .48
1300 2 .88 2 .86 2 .88 2.93 2.54 2.52 2.54 2 .56
1400 2.97 2.99 2.96 3.01 2.57 2 .72 2.66 2 .80
1600 3.17 3.26 3.27 3.25 3.20 3.26 3.33 3.30
1700 3.28 3.44' 3-46 3.59 3.40 3.48 3.55 3.64
TABLE 11
Observed X-ray *df spacings of Balgel (MgO) 
specimens sintered isothermally
B-1000 3C-64b B-1050°C-6h B-1050 °C-l6h
<x 
,
rd I d(£) I
0
d(A) I
5 • 47 vw 4*529' vw 5.51 vw
4 .56 w 4*07 vw 5 .08 vw
4*068 vw 3*47 w 4.57 vw
3*47 VW 2,86 m 4 .09 vw
2 0858 S 2,72 m 3.476 vs
2.73 S 2,59 XI 3.348 vw
2.574- m 2.54-9 XI 2.855 m
2 c 455 s 2.449 rn 2 .73 m
2 ® 32 m 2.318 w 2*55: s
2.27 m 2.27 XI 2*45 m
2.17 W7 2.16 vw 2.378 m
2,089 w 2.027 XI 2.316 w
2.023 m 2.025 XI 2 .25 w
1,985 m 1*983 m 2,169 vw
1*949 rn 1*949 w 2.086 vs
1.906 m 1.904 V7 2.022 w
1*799 w 1*797 w 1*984 W ■
1*743 XI 1*738 w 1*94 w
1.600 XI 1-597 w 1.90 w
1.54 XI 1*54 XI 1.798 VW
1.51 XI 1.51 XI 1*739 m
1 .48 v w 1.483 vw 1*599 vs
1,45 W7 1*45 w 1.541 m
1,405 . m 1.40 XI 1.51 m
1*389 vs 1*387 vs 1.489 w
1,284 W7 1.287 vw 1*453 m
1.238 vw 1*255 vw 1.402 s
1.140 vw 1.234 vw 1.388 m
1.14 vw 1.372 s
1.335 vw
1.29 vw
1*275 vw
1.236
1.188 XI
1.158 VXI
1.146 XI
metastable alumina obtained by calcination of a precipitated gel.
They also observed low rates of isothermal sintering and their 
results are in good agreement with the' present results (see Fig 4)•
From Pig. 23 it can be seen that there is a difference 
in the sinterability between extruded and pressed specimens, although 
their sintering curves are similar in outline. The extruded specimen 
which show consistently lower sintered densities up to a temperature 
of 1400°C- compared with those of pressed specimens, in accordance 
with their green densities, densify to the same extent in the 
temperature range i600-1700°C:.
To investigate whether this was the effect of initial green 
density, Balgel-(MgO) specimens were prepared by compacting at 
various pressures so as to cover the density range, of both extruded 
and pressed specimens. Three: sintering temperatures were selected, 
800°G, 1500°G, and' l800°C:. The temperature of 800°G1 was selected to 
observe the effect of dehydroxylation on the green densities of the 
gel compact, whereas temperatures of 1500°C and l800°C’ covered the 
temperature range during which the densification of the extruded 
specimens gradually caught up with those of pressed specimens. One 
set of the specimens, compacted at various pressures, were fired at. 
800°C: for 1 hour followed by firing at l800°C' for 3 hours. A second 
set was directly fired at 1500°C’ for 4 hours. The results are shown 
in Fig. 24. It can be seen that the difference in green densities 
of the compacts pressed at various pressures is proportionately 
maintained on firing at 800°G: and 1500°C. However, on firing at 
1800 C’, the compacts pressed in the pressure range of 2400-3000kg/cm 
appear to sinter to the same extent compared with those pressed at 
higher pressures. The compacts pressed in this pressure range have 
green densities comparable with the extruded specimens. Therefore 
it is tempting to suggest that the observed difference between the 
sinterability of the extruded and pressed compact is probably a 
green density effect. However, the present data is insufficient to 
draw any firm conclusions. More work is necessary to resolve this 
problem.
It should be further noted that densities of the gel
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compacts sintered to the same time- at various temperatures, show 
a greater temperature dependence; particularly in the temperature' 
range of 1100~1200°Cy as can he seen from Pig 22 and 23« The 
temperature dependence of the densification of the gel compact 
was investigated hy lion-isothermal sintering technique and the 
results are presented in section 3*3®
3*2.2* S.E.M. Results £ Structural changes occurring during isothermal 
sintering of the gel compacts were studied with the help of scanning’ 
electron microscopy. Pig 25 and 26 show the fracture surface of 
the extruded and pressed specimens sintered at 1400°C; for 4 hours 
respectively. The structure of these specimens is markedly similar. 
The general appearance of the microstructure is that of a honey 
comhed like mass, consisting of uniformly distributed pores approx­
imately 0.25pm in size. Grain boundaries are not detectable and 
therefore it is not possible to define the grain size.
The extruded samples fired at 1600°C' for 1 hour (Fig 27) 
show considerable reduction in number of pores. It can be seen that 
the solid mass has become coarser with a redistribution of the 
residual porosity into larger pores. On firing at 1700°C: for 1 
hour (Pig 29)? a grain structure appears to develop which is not 
observable in the microstructures obtained at lower temperatures 
for comparable sintering times. The grain size being approximately 
in the range 2~4pm, with pores larger than 1pm on average, mostly 
situated along the grain edges. However, some porosity appears to 
be present within the grains.
The structural evolution of the pressed compacts fired 
at 1600°C; and 1700°C: for 1 hour is not very different. However, it 
appears from Figs. 28 and 30 that coarsening of the solid mass and 
the residual porosity occurs at a slower rate compared with the 
extruded specimens.
Pig 31 shows fracture surface of the a-alumina (BDH) 
specimen sintered at 1700°C; for 1 hour. Prom a comparison of the 
microstructure with those of extruded and pressed gel specimens 
sintered at comparable time and temperature, it is apparent that
Fig.25. Scanning electron 
fractograoh of an 
extruded Balgel (MgO) 
specimen sintered at 
1400°C for 1 hour
Mag:- 4.22K
Fig.26. Scanning electron
fractograph of a pressed 
Balgel (MgO) specimen 
sintered at 1400°C for 
1 hour
Mag:- 4.08K
Fig.27. Scanning electron 
fractograph of an 
extruded Balgel (MgO) 
specimen sintered at 
1600°C for 1 hour
Mag:- 3.88K
Fig.28. Scanning electron
fractograph of a pressed 
Balgel (MgO) specimen 
sintered at 1600°C for 
1 hour
Mag:- 4.35K
Fig.29. Scanning electron 
fractograph of an 
extruded Balgel (MgO) 
specimen sintered at 
1700°C for 1 hour
Mag:- 1.8 K
Fig.30. Scanning electron 
fractograph of a 
pressed Balgel (MgO) 
specimen sintered at 
1700°C for I hour
Mag:- 1.74K
Fig.31. Scanning electron 
fractograph of a 
pressed a-A^O^ (BDH) 
specimen sintered at 
1700°C for 1 hour
Mag:- 4.35K
Fig.32. Scanning electron 
fractograph of an 
extruded Balgel (MgO) 
specimen sintered at 
1200°C for 93 hours
Mag:- 4.72K
Fig.33. Scanning electron 
fractograph of an 
extruded Balgel (MgO) 
specimen sintered at 
1400°C for 72 hours
Mag:- 4.5K
a-alumina compact has entered the final stage of sintering because 
it can be seen from the micrograph that the pores are situated 
mainly at the grain corners, whereas the microstructure of the 
gels (Fig 29 and 30) suggest that the specimens are in the inter­
mediate stage of sintering. This is further supported by the bulk 
density values. The relatives density of the sintered d-alumina 
powder compact was 92®5% °T theoretical compared with values 
of 86-87$ Tor the gel specimens®
The observed difference in the microstructure between the 
a-alumina and the gel specimen suggests that the phase transformation 
to a-alumina occuring in the gel specimens in the temperature range' 
1100-1200°C: in some way influences .the structural change observed in 
the temperature range 1400~1700°C.V It was not possible to observe 
the structural change occuring during the phase transformation, or 
jusv after the transformation temperature range, because the gel 
specimens fired in the temperature range 1100~130Q°C for shorter 
times revealed little details of the structure which was too fine 
to be resolved by the S.E.M. However, on sintering the gel specimens 
in the temperature range 1200-1400°C for longer times, some details 
could be observed. Examples are shown in Fig 32 and 33*' The Fig 32 
shows fractxire surface of the extruded specimen sintered at: 1200°C 
for 93 hours. The structure' appears to be consisting of particles 
0.5 To 0.75pm in size, interconnected by necks. On firing at 1400°C 
for 72 hours considerable particle growth has occurred with redistribution 
of the pore volume into larger pores (Fig 33)« The average size of 
the pores and pa-rticles is approximately 1pm. Some grain boundaries 
are also observed. It should be noted that the pore and particle 
growth occurs in the temperature range 1200~1400°C: with very little 
densification as can be seen from Fig 22. This suggests that surface 
diffusion could be playing a prominant role in material transport 
and larger pores probably assist in the removal of smaller pores by 
acting as vacancy sinks.
3.2.3* X-ray analysis; A number of isothermally sintered specimens 
were analysed by X-ray diffraction. The observed ’d! spacings of the 
extruded Balgel (MgO) specimens sintered at 1000°C for 64 hours,
O o
IO5O Cl for 6 hours, and lOpO C for 16 hours are shown in table 11.
It can be seen from this table that 1 cl1 spacings of 3*47-?? 2.089A
and I.6OA5 which correspond to the a —pho.se, are observed in the 
specimen sintered at the temperature as low as 1000°C’, if main­
tained at this temperature for sufficiently long time. Further­
more, formation of a-alumina appears to be strongly temperature’ 
dependent because time of formation of the a phase is reduced to 
6 hours, on increasing the firing temperature by 50°C'® Clarke 
and White (41) &ud Steiner et.al (lOl) have shown, by density 
measurements and quantitative X-ray analysis respectively, that 
the phase transformation! to the a-phase is a thermally activated 
process.
X-ray investigation of isothermally sintered Balgel (MgO) 
specimens also showed that in this material the *6* phase does not', 
completely transform to the *0* phase prior to the formation of 
the a phase, (see table ll).
3..2^ 4,. T.E.M. resultss- Microstructural details of the isothermally 
sintered gel specimens were observed by transmission electron 
microscopy. The results are presented in section 3®3*4® together 
with the observations made on non-isothermally sintered specimens 
for the purpose of correlation.
3«3* Non-isothermal sintering:
S&SSS 3Z8 .1 ... ..11 . .... . i. 1 ■.■■■■ ■ ■*—*
3*3*1® Sintering results: The non-isothermal sintering behaviour
of Mg(OIl) Linde A, a-alumina (BDH) and Balgel specimens, and their 
green and sintered densities, are shown in Fig 34 and table 12 
respectively. The purpose of including Mg^H)^ in this work was to 
observe the sintering behaviour of a hydroxide compact which under­
goes conversion to an oxide on dehydroxylation but does not undergo 
any further phase transitions.
Because the hydroxides undergo dehydroxylation on heating, 
they lose weight and consequently create pore volume. It was 
observed in the present investigation that the gels lose their water 
of hydration in the temperatvire range 250-550°C; (^ig 19 and 20) 
with corresponding weight loss in the range 20~28U/o (Fig 2l). It 
can be seen from Fig 34 that both Balgel and Mg^H)^ specimens behave: 
similarly in the temperature range 250-500°C.' suggesting that observed
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c
linear contraction of approximately 4i° in this temperature range 
is due to dehydroxylation of the specimens© It is clear from 
table 12 that this contraction occurs probably due to rearrangement 
of the particles within the compact and not due to sintering©
The remainder of the shrinkage curve for the Mg(01i)g 
specimen is similar to that of Linde A. compact i.e. a region of 
increasing rate of shrinkage is observed followed by a region of 
gradual reduction in the rate. However, it appears that because 
of the relatively larger average particle size of the Linde A 
powder particles (see section 2.1.) the Linde A specimen starts 
sintering at a higher temperature and therefore its shrinkage curve 
is relatively shifted to higher temperatures. The effect is more 
pronounced in the shrinkage curve of the a alumina (BDH). specimen. 
Because of its coarser particle size (average l|im) , in spite of 
its higher initial green density the overall densification is less 
compared to the and Linde A compacts (see table 12) on
sintering to 1600°C'. The general effect of the particle size on 
the sinterability of the oxide powders is thus evident from Pig 34*
The shrinkage curve of the Balgel specimen can be separated 
in three distinct regions. A first region in the temperature range 
80~800°G: corresponds to the dehydroxylation stage. A second region 
in the temperature range 800-1200°C shows onset of shrinkage., and 
rapid increase in the shrinkage rate* and this is followed by a 
third region of dramatically reduced rate of shrinkage. Comparison 
of the shrinkage curve of the Balgel specimen with that of MgfOH)^ 
reveals, that the region *21 of the Balgel curve is similar to the 
corresponding part of the shrinkage curve of the latter. However, 
the region '3* of the Balgel specimen appears to be characteristic 
of this material. Absence of region 13* in the shrinkage curves 
of Mg(Oil)^ and Linde A specimens suggests that this region is 
associated with the phase transformation to the a-phase occuring in 
the gel specimens in the temperature range 1150-1200°C. This was 
confirmed with the X-ray analysis carried out on sintered Balgel (MgO) 
compacts to various predetermined temperatures, (see section 3*3*2) •
It was observed that the compacts had no detectable amount of the 
a-phase at 1150°(f, h-jhereas heating the compact to 1200°C: almost
85~90% of the a-phase was formed. At this temperature the region
‘2 { is delineated from region f3‘ (hereafter denoted as temperature 
T \
1 .t1). This clearly suggests that on formation of major amount 
of the a-phase, the specimen densities at a very low rate.
Furthermore, it can he seen from Fig 34 that at 1150% the 
Balgel specimen is well-within the region of rapid rate of densification. 
This together with the observed similarity of the r e g i o n 2' 'with . 
that of the shrinkage curve of the Mg(0H)o specimen suggests, that 
rapid rate of•densification in the Balgel compact is mainly due to 
the .fine particle size of the metastable aluminas formed from the 
gels, and is not due to the phase transformation. Further direct 
evidence in support of this argument is presented in section 3*3*4*
The anomalous shrinkage behaviour of the Balgel specimen
is characteristic behaviour of all boehmite derived powders was
confirmed by studying the shrinkage behaviour of the other two gels
and cerahydrate. The results are compared in Fig 35* The overall
densification achieved bn sintering to 1600°C' is shown, in table 12.
All the curves are similar; however, there are small differences in
Tdetail. For example the temperature t in G.C. alumina and Balgel 
occurs approximately at 1200°C: whereas in cerahydrate and Baymal it 
occurs at approximately 1300°C. Furthermore, Baymal and cerahydrate 
show expansion in the temperature range 0-100°C and 575 to 625°C: 
respectively. Baymal specimen also shows a large overall contraction 
of approximately 32% linear compared with only 12% linear observed 
for the cerahydrate up to l600°C.
The expansion observed in the Baymal specimen is probably 
associated with the removal of acetic acid present in this material 
(see table 2). However, the large overall shrinkage observed for 
the Baymal specimen is not indicative of high sinterability of this 
material as can be seen from the bulk density values shown in table 
12. The densification achieved on sintering a Baymal compact to 
1600°C,' is only 60% of the theoretical compared with 72-73% achieved 
with the other two gels. This was due to a marked anisotropic 
shrinkage which occurs on dehydroxylation of the Baymal compact (8% 
linear in height compared with 0.5% linear in diameter), and higher1 
weight loss due to removal of excess acetic acid. This also results
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in overall.anisotropic shrinkage of the compact on heating to 
1600°C (l7«5$ linear in diameter against 32$ linear in height), 
whereas the other two gels and cerahydrate showed nearly isotropic 
shrinkage over the entire temperafure range..
It has heen observed that the single crystal particles 
of cerahydrate show excessive cracking on dehydroxylation (l6).
This observation together with correlatibility of the observed 
dehydroxylation temperature range by D.T.A* (Fig 20) ■ with'that of 
the temperature range in which the cera.hydrate specimen shows an 
expansion (Pig 35)5 strongly suggests that the cerahydrate specimen 
expands due to cracking of the single crystal particles* Although 
this results in increase in surface area of the oxide formed, (16) it 
has been observed that oxide pox-rders obtained by decomposition of 
microscopic size' hydroxide powders form psuedomorphous aggregates*
On sintering compacts of such aggregates the particles sinter within 
the psuedomorphous aggregates creating inter aggregate voids resulting 
in poor densification of the overall compact (64)* This probably 
accounts for the poor sinterability of the cerahydrate compact on 
sintering up to loOO°C*
To investigate xtfhether method of preparation of the gel 
specimens had any effect an the sinterability of the gels, sintering 
experiments were carried out on l) Balgel powder mixed with water, 
dried at 60°C for 24 hours, crushed and sieved through -200 mesh 
and subsequently pressed (see page37 ), 2) Extruded Balgel (MgO)
specimen, and 3) Pressed Balgel (MgO) specimen* The results are 
shown in Pig 36* The curves show only minor differences. It appears 
that addition of MgO has a slight beneficial effect on the sinter­
ability of the gels, however, does not seem to affect the transition 
Ttemperature t. The overall results show that method of preparation 
of the compacts has negligible effect on non-isothermal sintering 
behaviour of the gels.
3«3»2* X-ray Analysis: The crystallographic structural changes 
occuring on sintering the Balgel (MgO) and Baymal specimens x^ ere 
investigated by heating the specimens to predetermined temperatures 
in the range 600~1250°C for the former and 800-1230°0' for the latter, • 
in the dilatometer prior to X-ray analysis. It xvas confirmed with
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TABLE 13
Observed'X-ray *d* spaoings of .non-isothermally 
sintered . Balgel (MgO) specimens*
B~600°C B-800°C' B-1000°C B-1 1 5 0 °C: B-1 1 80 °G B-1200°c
d(A) I d(A) . d(A) I d(A) I d(£): I a(l) I
5.48 w 5-55 vw
5-01 w 5.01 I I: 5-11 11
4,62 w(b) 4.61 w(b) 4.55 w 4.54 It 4-54 it
4-05 w 4-049 I I 4-05 it
3-513 It 3.48 m 3 . 4 8 m
3-17 w
3.02 w ,
w(b) w(b)
2.87 VJ 2.85 m 2.84 m 2.84 vw
2.78 2.77 2 .7 2 m 2 .7 2 s 2.726 s 2.71 V W
w(b) w(b)
2.59 W 2.59 w 2.553 s 2 ; 54 V S
2.41 2.41 2.44 S 2.44 vs 2.45 s 2.44' vw
2,368 vw
• 2.31 m 2.312 m 2.30 rn
2.28 m(b) 2.278 m(b) 2.28 m 2 .2 5 m 2 .2 4 6 m
2.16 vw 2.158 w
2.085 s 2.078 vs
2.01 m 2.016 m 2.016 vw
1.97 s(b) 1-973 s(b) 1.988 s 1.98 m 1.983 m
1-94 m 1-95 w 1.943 m 1.947 vw
1.903 w 1.901 w 1.899 I I
1-798 vw 1.809 w 1.797 w
1.73 vw 1.738 m 1.735 m
1.609 vw 1.60 B 1.597 s 1.596 s
1 .5 2 w(b) 1.524 w(b) 1.537 vw 1-54 w I .539 ro 1-54 w
1.504 I I 1 .5 1 vw 1.509 vw I .506 m
1.4-8 I I I .484 ti
1.4-5 vw 1.452 11 1.447 vw
I .42 l|: 1 .4 22 11
I .40 m 1.404 m 1.399 11
1.396 vs(b) 1-395 vs(b) 1.398 vs 1.39 vs 1.388 vs 1-369 I I  :
1.14 w( b) 1.141 \w(b) I . 29 vw 1.371 m 1.335' 11
0.987 w(b) 1.01 w(b) 1 .2 42 D 1.26 11 1.294 vw 1.268 It
0.883 w(b) O.883 w(b) 1.23 11 I .258 11 1.234 m
0.806 w(b) 0.807 w(b) 1.237 11 1 . 1 8 vw
L. 1
1.14 vw 1.14 ti 1.189 it 1.145 vw
1
TABLE 14
Observed X-ray 1 df spacings of non-isothermally sintered
Baymal compacts
B -800°C: B<—1000°C B -1100°c: B “1230°C B? -1270°C‘ B: —1320°C'
p, !>
o
I d ( A ) I d(A ) : I d ( A ) I . a ( X )
1
I d (A ) ) I
—i* l , 5 * 44 vw 5.52 w 5.47 w
4.64 m("b) 4.59 vw 4 .60 m 4.57 w 4«58 vw
4 .16 w 3.486 s 3.48 vs 3.486. vs
2.786 m(b) 2 .86 w 2.87 s 2 .85 s 2 .858 m 2.84 vw
2.72 s 2.74 vs 2.73 s 2.73 m 2-71 w.
2.56 w 2 .586 w 2-55 s 2.549 vs 2.546 vs
2.415 m(b) 2.44 s 2.46 s 2.449 m 2.44 m 2 .46 vw
2 .38 m 2 .38 s 2.377 s
2 .2 8 . m(b) 2.29 s 2.325 m 2.325 m 2 .318 w
2.27 rn 2 .2 5 m 2 .256 w 2 .16 w
2.09 vw 2.087 s 2.037 vs 2 .085 vs
2 .01 s 2.026 vs 2.021 m 2 .02 w
1*98 vs(b) • 1.91 m 1.904 rn 1.91 w 1.965 w
1.798 VI-7 1.80 m 1.800 w 1.79 vw
1.746 W 1.737 m 1.74 s 1.737 vs
1.607 V W 1.61 V W 1.600 s 1.601 vs 1.597 vs
1.525 V7 1.54 w 1.543 m 1.545 m 1.54 w 1.545 . w
1.5H w 1 .51 w 1.511 m
1.49 w 1.49 m 1.489 w
l.:457 m 1.45 m 1.455 v w
1.408 m 1.404 s 1.404 m 1.402 s
1.397 vs(b) 1.39 vs 1.389 vs 1.386 s 1.388 w
1.37 s 1.372 m 1.371 s
1.29 w 1.287 w 1.337 vw 1.336 w
1 .2 6 V W 1.237 W 1.236 m 1.275 w
1.23' vw 1.188 w 1.189 w 1 .236 m
1.14 w(b) 1.15 vw 1.147 vw 1.146 w 1 .188 | m
1 .158 j vw
0 .988 vw(b) 1.00 w 1.147 ! VJ
0.882 vw(b) O .889 W 7 plus rest of
0.805 vw(b) 0.806 V W the lines
correspond
■
to a -A]j
i
2° 3
■the dilatometer shrinkage curves that shrinkage of the specimens 
selected for X-ray analysis corresponded to parts of the shrinkage 
curves of Balgel (MgO) (Fig 36) and Baymal (Fig 35)? up. to the 
various predetermined temperatures* The X-ray powder photographs 
are shown in Fig 37 for Balgel (MgO) and in Fig 38 for Baymal 
specimens* The observed fd* spacings are shown in tables 13 and'
14 respectively* Identification of the phases was carried out as 
described in section 3*1*3« \ In the case of sintered Balgel (MgO) 
specimens the following transition route was observed*
Balgel (MgO)— >(600°C) Y — ? (l000°C)6— *(ll50°C)54- G— **
— *(l200°C) a + traced +8 — ^(l230-50°C) a-alumina, 
whereas the sintered Baymal specimens converted through the following 
transition route:
Baymal ►(800°C:)Y---* (lOOO°C) 0 — -* (l230°C) 0 + a —
— * (1320°C) a+ trace©
It has been reported by H e r  (l6) that the- intermediate 
f5* form was not observed during the progressive conversion of 
Baymal powders on calcination in the loose form. The present results 
appear to support his observations, indicating that heating in a loose 
or compacted form does not alter the phase transition sequence. This 
is further supported by the agreement between the observed phase 
transition sequence of loose calcined Balgel (MgO) powder (section 
3.1.3) and sintered Balgel (MgO) specimens. Lippens et.al (102) 
also reported that the intermediate *6* form is not observed during 
the heating of fibrillar gelatinous boehmite. According to these 
authors, formation of the intermediate *6’ form is prevented due to 
inability of the aluminium ions to diffuse across the lamellar•pores 
formed between the fibrous particles.
Considerable broadening of the low angle diffraction lines 
was observed in the Balgel (MgO) and- Baymal specimens sintered to 
600° and 800°Cr respectively, and on sintering to higher temperatures 
gradual sharpening of the low angle diffraction lines was observed 
indicating coarsening of the crystallites within the sintered specimens. 
These observations were similar to those observed from the X—ray 
powder photographs of the loose calcined gel powder suggesting that 
there'was no significant difference between the degree of coarsening
of loose calcined gel powders and-sintered gel specimens*
For both. Balgel (MgO) and Baymal specimens the transition
T'
temperature t corresponded well to the formation of approximately 
85-95$ a “alumina. Such correspondence between the transition
qti
temperature t with almost complete formation of the a phase was 
further confirmed by analysing the cerahydrate and Balgel compacts 
sintered at 1300°C‘ and 1200°C) respectively with X-rays.
-3«3• 3* S.B.H. Results: The gel specimens sintered non-isothermally
to 1-600°C were examined by stereoscan electron microscopy. Typical 
microstructures are shown in Fig 39 aud 40. Fig 39 shows an .un­
fractured surface of a G.C. alumina specimen sintered in the dilatometer 
to l600.°(land copied immediately, whereas fig 40 shows a .fractured 
surface of the same- specimen. It is evident from these micrographs 
that the outer skin of the sintered gel specimens is denser than the 
interior. Although some grain boundaries are observed on the outer 
surface of the specimen (Fig 39)? they are; not easily, detectable in 
the fractured surface (Fig 40). The general appearance of the interior.' 
of the specimen is that of a porous solid mass without any well defined" 
grains and is similar in structure to the gel specimens sintered 
isothermally at 1400°C: for 1 hour (see; figs 25 and 26).
The fractured surface of an a-alumina (BDH) specimen 
sintered to l600°C in the dilatometer is shown in figs 41 and 4 2.
On examining the fractured surface at a lower magnification (fig 4l)> 
the a-grains can be distinctly observed and appear to be joined by 
necks. However, examination at a higher magnification (Fig-42) shows 
that the specimen consists of polyhedral grains with intergranular- 
porosity. This type of structure is normally expected during the
■ f
sintering of oxides once the initially formed necks between the 
particles grow and impinge on each other. On comparison of this 
structure with the microstructure of the comparably sintered gel 
compacts (Fig 40) it is evident that the structural change occuring 
in the gel compact is different. In contrast the microstructure 
suggests that the porosity is not entirely located at grain boundaries. 
It will be shown in section .3•3•4• that this is associated with the- 
unusual structural changes occurring in the gel compacts during the
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Fig.39. Scanning electron
micrograph of the surface 
of a G.C.alumina specimen 
sintered to 1600 C at a 
linear heating rate of 
15°C/rain
Mag:- 4.5K
Fig.40. Scanning electron
fractograph of the G.C. 
alumina specimen sintered 
to 1600°C at the linear 
heating rate of 15 C/min
Mag:- 4.5K
Fig.41 Scanning electron 
fractograph of an 
ot-alumina (BDH) specimen 
sintered to 1600°C at 
the linear heating rate 
of 15°C/min
Mag:- 1.95K
Fig.42 Scanning electron 
fractograph of the 
a-alumina specimen 
shown in Fig.41 at a 
higher magnification of 
4.88K
phase transition from metastable to the stable phase.
3*3*4* T.E.M. Results:- In order to obtain detailed structural 
information at various stages of heating of the gel specimens, 
transmission electron microscopic examination was carried out of 
the sintered gel specimens thinned down to approx. 1000-2000? "by- 
the technique described in section 2.2.7*2.
Fig. 43 and 44 show the transmission electron micrographs 
of a Balgel (MgO) extruded specimen sintered non-isothermally to 
1180°C'. It has been shown by X-ray analysis (section 3*3*2.) ■ thalt 
the Balgel (MgO) specimens sintered non-isothermally to ll80°C- 
consisted of a mixture of fS %  ‘01 and a aluminas. Hence some kind 
of duplex structure was expected. In fact a duplex structure: was 
observed, as can be seen from figs 43 and 44'* The microstructure; 
appears to consist:- of islands of "coarse" crystallites intermingled 
with pores (indicated by A), surrounded by a porous matrix of very 
fine crystallites (indicated by B). The areas indicated, as "A" 
showed considerable variation in their size, however, it was not 
possible to obtain statistical idea of their size because only 
small areas of the entire specimen could be thinned by the ion beam 
thinning technique. Occasionally small massive areas which appeared 
like- grains with pores trapped within them were also observed. A 
typical example is shown in fig 45*
Electron diffraction patterns were obtained from both 
regions "A" and "B"!, with a selected area diffraction aperture of  
0.25pm. The diffraction patterns taken from areas "A"' of fig. 43 
and 44 are shown in fig. 46 and 47 respectively. The diffraction 
patterns are sharp single crystal diffraction patterns and there is 
no evidence of appreciable arcing or splitting of the spots. These 
electron diffraction results are highly significant since they positively 
indicate that the regions "A" are not clusters of polycrystalline 
grains but in fact are single crystal regions. The analysis of the 
diffraction -patterns shown in fig 46 and 47 showed that regions "A"1 
were a-phase regions. The solution of these patterns is given in 
appendix A. Although small isolated islands of region "A"’ such as 
that shown in fig 43 could be identified as a single crystal region,
f e 5'*
M
Fig.43. Transmission
electron micrograph of 
an extruded Balgel (MgO) 
specimen sintered to 
1180°C (heating rate 
15°C/min)
Mag:- 45K
Fig.44. Transmission electron
micrograph of a different 
area of the specimen 
shown in Fig.43.
Mag:- 67.5K
Fig.45. Transmission electron 
micrograph showing 
bulging out of the 
parts of a single crystal 
a-grain into the poly­
crystalline 16' matrix 
(Extruded Balgel (MgO) 
specimen sintered to 1180°C)
Mag:- 90K
Fig.46. Electron diffraction
pattern of the a-single 
crystal observed in 
Fig.43
■
Fig.47. Electron diffraction
pattern of the a-single 
crystal observed in 
Fig.44
g.48. Typical electron
diffraction pattern of 
the polycrystalline '0' 
matrix observed in Figs. 
43, 44 and 45
Fig.49. Shows a a-single crystal
diffraction pattern super­
imposed on diffraction 
rings of the polycrystalline 
'0' matrix.
Fig.50. Transmission electron
micrograph of the poly­
crystalline '0' matrix 
at a higher magnification 
of 187K
Fig.51. Transmission electron
micrograph of an extruded 
Balgel (MgO) specimen 
sintered to 1200°C 
(heating rate 15 C/min)
Mag:- 90K
extensive scanning of the large islands showed that the electron 
diffraction patterns changed orientation over distances of 
approximately 1--2 Jims * Intermediate areas "between two distinctly 
different single crystal diffraction patterns, often gave rise 
to diffraction patterns showing superimposition of probably three- 
or more single crystal diffraction patterns. Change in orientation 
of the electron diffraction patterns suggested that there must he 
boundaries between various single crystals• However, in spite of 
extensive scanning of the specimen, grains or subgrain boundaries 
were not observed. Possibly the single crystals formed low angle: 
boundaries between them which were not easily detectable. Hence 
it may be concluded that the structural details observed within 
these single crystal regions are not grain boundaries between 
crystallites but must be relaied prominently to the porosity 
distribution.
The diffraction patterns obtained from regions "Bn were-:, 
all alike and consisted of diffraction rings. A typical diffraction 
pattern obtained from these areas,- using a selected area diffraction 
aperture- of l|im, is shown in fig 43- Decreasing the diameter of 
the S.A. diffraction aperture the rings became increasingly spotty 
suggesting that region "B" consisted of fine discrete grains. The 
*df spacings worked out from these rings corresponded well x-rith those 
of 10 1 phase alumina. The solution of this diffraction pattern-is 
given in appendix B.
Further confirmation of the correct solution of* the single 
crystal and ring diffraction patterns was obtained by solving a. 
diffraction pattern such as that shown in fig 49- It was taken by 
placing S.A. diffraction aperture in the area consisting of both 
region nAu and "B", so that superimposition of diffraction rings 
and single crystals diffraction spots could be obtained.. The camera 
constant worked out from the solution of the ring pattern on the 
basis of 'd1 spacings of *01 phase: gave a solution of the single 
crystal diffraction pattern corresponding to a phase. The solution 
is given in appendix C’.
Although the solution of ring patterns corresponded well
with the ’&* spacings of f0 ? phase, it should-he recalled that 
X-ray analysis indicated a mixture !8 ! and f0* phases* The reason 
for such an apparent discrepancy is that there is considerable 
overlapping of fd{ spacings of these two phases* Moreover, since; 
all of the strong lines occur at low diffraction angles, and the 
resolving power of the electron diffraction camera decreases with 
decrea.se in the Bragg diffraction angle, these low angle- lines will 
not be resolved sufficiently to positively identify mixtures of 
these two phases* This will also be equally true for the presence' 
y phase-in a mixture of *8S and *0f phases* Therefore the fine 
polycrystalline matrix is referred to as f0 ! phase; in the rest of 
this text with this reservation in mind*
To obtain the average grain size of the fine: polycrystalline
matrix, it was observed at higher magnifications, A typical electron
micrograph is shown in Fig 50* Considering that the thin sections
of the gel specimen suitable for observing in the electron beam
o
were approximately 1000 to 2000A thick, considerable overlapping
of the fine 0 grains-is expected. This is clear from the micrograph.
However., the general appearance of the structure is that of grains
joined by^necks or grain boundaries. Because of the overlapping of
the grains, their average size- was determined by measuring average'
diameter of randomly chosen 20 grains. An average grain size value
of 260A (+50A) was obtained on averaging measurements from five-
electron micrographs* It is difficult to estimate average- size of’
the pores because of the overlapping grains. They appear to be
o
extremely fine and a rough estimate suggested a value of 50A-to\ 
l'OOA *
Figures 51 to 56 show structural changes occuring in the- 
Balgel (MgO) specimens on heating to a range of'temperatures above 
ll80°C. Examination of a specimen sintered to 1200°C: non-isothermally 
reveaJed that the proportion of polycrystalline '0• matrix had 
decreased drastically. Few isolated *0* matrix areas were observed. 
The structure consisting of regions "A" and "Bu is shown in fig 51 
and it is evident on comparison with figs 43-45’that it is similar 
to that observed for the specimen sintered to 1180°C:. On examination
o  1
of a specimen sintered at 1200 C for -g- hour isothermally it was
Fig.52. Transmission electron
micrograph of an extruded 
Balgel (MgO) specimen 
sintered at 1200°C for 
£ hour.
Mag:- 60K
Fig.53. Transmission electron
micrograph of an extruded 
Balgel (MgO) specimen 
sintered at 1300°C for 
\ hour.
Mag:- 18.8K
Fig.54.. Transmission electron 
micrograph of the 
specimen shown in Fig.53 
at a higher magnification 
of 52.5K
Fig.55. Transmission electron
micrograph of an extruded 
Balgel (MgO) specimen 
sintered at 1400°C for 
72 hours.
Mag:- 23K
Fig.56. Transmission electron
micrograph of the specimen 
shown in Fig.55 (different 
area)
Mag:- 42.7K
Fig.57. Transmission electron
micrograph of a pressed 
Baymal specimen sintered 
to 1230°C (heating rate 
15°C/min).
Mag:- 75K
observed that the fine *0* matrix had completely disappeared. The 
porosity within the a single crystal regions appears to have 
coarsened to some degree giving rise: to more easily clearly 
discernible pore structure* Although electron diffraction patterns 
still suggested that single crystal regions were l~2fim in size, 
it was not possible in general to distinguish one single crystal 
from another® However, there is some evidence- of subgrain and 
grain boundaries as can be seen from fig 52 (indicated by x and y)h
o 1
On heating a specimen isothermally at’:. 13-00 0 for -g- hour 
the overall appearance of the structure did: not change appreciably 
(Fig 53) compared with that of the specimen sintered at I200°C for"
-J- hour. When the structure was examined at a high magnification 
(Fig 54) sub or low angle boundaries were clearly observed, linking 
the porous regions within the structure§.for example, a boundary x 
is seen to connect pores A -and B. Electron diffraction patterns 
obtained from this specimen showed splitting of the diffraction spots 
probably due to presence of these subgrain boundaries. More evidence 
of the formation of subgrain boundaries was obtained on examining- 
a specimen sintered at 1400°G: for 72 hours (Fig 55)* Distinct" subgrain 
boundaries some of them formed by arrays of dislocations were clearly 
observed, whereas Fig 56 shows clearly the equiaxed grain structure 
of the a'-alumina observed in some regions ot the specimen at this 
temperature.
To further confirm that the structural change observed 
in the Balgel (MgO) compacts during the phase transformation was 
characteristic of all the gels, a similar electron microscopic' 
examination of thinned section of pressed Baymal specimens sintered 
non-isothermally to 1230°C’ was carried out. (X-ray examination of 
this specimen showed that it was transformed to 0 +a phase. Section 
3.3*2). The electron micrographs and electron diffraction patterns 
of the Baymal specimen are shown in Fig 57 to 67 •
The structural details observed in this specimen were 
similar in general to those observed in the Balgel (MgO) specimens 
as shown in Figs 57 to 59) coarse structure regions denoted as 
"A", surrounded by fine polycrystalline matrix, denoted as nB" were
observed* The electron diffraction pattern taken from within- 
the region MA" of fig 57 is shown in fig 60. Fig 61 shows the 
electron diffraction pattern taken from the selected area which 
consisted of both regions "Au and "B" in fig 57 whereas fig 62 
shows the electron diffraction pattern taken from the fine matrix 
“Bu alone.
It is apparent from the electron diffraction patterns 
that the region "A” are single crystal regions and regions "B" are 
polycrystalline* The analysis of the single crystal spot patterns 
and-diffraction ring patterns confirmed that regions "A" were: a-phase 
crystals and regions MB" were polycrystalline n8u matrix respectively. 
The solution of the single crystal diffraction patterns is given 
in appendix D and the diffraction ring pattern in appendix E,
Extensive scanning of the single crystal a phase regions 
showed that diffraction patterns changed orientations over distances 
of l~2fims. An example shown in figs 63 and 64 confirms that areas 
as large as l*5Hm in diameter are single crystal regions. Fig 63 
shows the diffraction pattern taken from an area within the single 
crystal region with the S.A. diffraction aperture of l,5[im. It 
can be- seen that the diffraction pattern is prominantly single 
crystal pattern. It should also be* noted that as a. result of lens 
aberrations in the electron microscope the diffraction pattern 
is obtained in fact from a somewhat larger area than that contained 
by the aperture (approx lg- times), Therefore it is apparent that" 
as in the case of Balgel (MgO) specimens the structural detail 
observed in fig 64 is related to the porosity distribution and not 
to a grain boundary structure. The change in diffraction patterns 
over 'distances of l~2|im suggests that these single crystal regions 
have the same size range as that observed for the Balgel (MgO) 
specimen.
The polycrystalline *0* matrix appears more porous than1 
that observed for the Balgel (MgO) specimen. This is in accordance 
with the difference between their relative bulk densities (see 
table 12). Measurement of the average, grain size of the ,0 I grains 
was carried out in the same way as that described earlier (Ps.gel08 )
Fig.58. Transmission electron
micrograph of the Baymal 
specimen sintered to 
1230°C (different area)
Mag:- 67.5K
Fig.59. Transmission electron 
micrograph of the 
Baymal specimen sintered 
to 1230°C (different 
area)
Mag:- 90K
Fig.60. Electron diffraction 
pattern obtained from 
the area 'A* shown in 
Fig.57.
Fig.61 Electron diffraction 
pattern of an area 
consisting of regions 
'Af and ' B? shown in 
Fig.58
Fig.62. Electron diffraction
pattern taken from the 
polycrystalline ’0' 
matrix of the Baymal 
specimen.
Fig.63 Electron diffraction
pattern taken from the 
selected area shown in 
Fig.64.
Fig.64. Transmission electron
micrograph of a selected 
area within large a-single 
crystal of the Baymal 
specimen
Mag:- 37.5K
Fig.65. Transmission electron
micrograph of a pressed 
Baymal specimen sintered 
to 1230°C (heating rate 
15 C/min), shows one of 
the few very fine poly­
crystalline areas observed 
in this specimen.
Mag:- 67.5K
Fig.66. Transmission electron
micrograph of one of the 
few slightly coarse areas 
(compared to Fig.65) 
observed in the Baymal 
specimen
Mag:- 67.5K
and an average value of 325A (+50A)> was obtained® A rough
~  o
estimation of the pore size indicated a value in the range 250-300A.
In a-ddition to the fine *0* matrix shown in figs 57*~595>
a number of areas were observed consisting of crystallites much
finei* than that observed for the *0* mgitrix, and some of these
areas showed size variation within themselves® Electron diffraction
patterns obtained from these areas consisted of rings but of
different diameters than those1 obtained from the !0 ‘ matrix® The
areas are shown in fig 65 and 66® The area shown in fig 65 consists
of extremely fine crystallites of uniform size distribution of 
o
approx® 30A while fig 66 shows an area comsisting of crystallites
o
with a size variation in the range1 30~150A. The diffraction patterns
obtained from these areas were alike, however, the diffraction rings
obtained from the area in fig 65 were: continuous while those obtained
from the area in fig 66> were spotty due to the size variation of the.
crystallites* Analysis of the diffraction patterns revealed, that
these crystallites consisted of y phase alumina® The diffraction
^ •
pattern obtained from the area in fig 66. is shown in fig 67 and the- 
solution is given in appendix E. It should be noted here that the 
X-ray analysis of the Baymal specimen sintered to 1230°C' non-isothermally 
showed a mixture of 0 + a phase (see section 3*3*2)'. This suggests 
that the areas of Y phase crystallites observed in this specimen 
have a total concentration less than that, can be detected by X-ray 
analysis* It is interesting to note that neither *0s 1 nor 'a1 phase 
crystals were found in the Y regions, while all the !0* regions 
showed a relatively coarse crystallite size compared to the Y regions. 
Some crystallite growth occurs in Y phase but no overlap is observed 
in crystallite size between Y an d 0 , which might be interpreted as 
suggesting that Y transforms to 0 at some critical crystallite size. 
Furthermore the absence of a -crystals withint the Y regions indicates 
that Y phase crystallites do not directly transform to a phase but 
convert to intermediate *0* form. Thus the transition sequence has 
to beY~->0— as was observed during the X-ray studies of the 
sintered Baymal compacts, (section 3*3*2).
The only difference observed between the structural details 
of Baymal and Balgel (MgO) specimens sintered non-isothermally in 
the transformation temperature range was that the fine y phase regions
observed in the Baymal specimen were not observed in the Balgel 
(MgO) specimens® The probable reason for this behaviour appears 
to be simply that Balgel (MgO) specimens convert to intermediate;
’5 f form before the 10 f phase appears (see section 3 *3*2), thusY 
phase crystallites are less likely to be present* It is possible 
that sufficient amount of the fY f phase could have been observed 
in both the Baymal and Balgel (MgO) specimens if thin sections 
could have been prepared from the specimen fired at lower temperatures, 
however, all such attempts were- unsuccessful because of the extreme, 
friability of these specimens. •
3*3*3* Structure of the interphase interface;
The electron microscopic observations (section 3*3*4) 
and the X-ray studies (section 3*3*2) of the sintered gel specimens
suggest that a-phase forms and grows at the expense of the
transition alumina matrix i.e. the transformation occurs by a 
nucleation and growth process. The electron microscopic observations 
are highly significant because with the help of electron diffraction 
studies it has been-possible to confirm that the apparent poly­
crystalline like appearance of the a phase is misleading, and . the- 
a phase areas consist of large porous single crystals. Although
the nature of the growth process of the a -grains is not clear from
Figs 43 and 44 these micrographs do indicate that considerable 
redistribution of the fine pores present in the ‘O' matrix occurs 
into larger pores. The nature of the growth process can be deduced 
from the micrographs shown in Fig 455 57-59* A close examination 
of fig 45 shows that some parts of the interface between the f0 f 
and ' a *  grains bulge out and grow preferentially on a fine scale 
producing what may be described as a finger like growth. This 
‘finger like11 growth, which will be discussed later (chapter 4)? 
is more clearly observed in fig 57-59? and the finger like branches 
are seen to have widths in the range 600-1200^. The observed change 
in porosity distribution would appear to result from the sweeping 
aside of the *0 1 matrix porosity as the “finger like" branches grow 
forward thereby producing elongated pores as depicted schematically 
in fig 68. It should be noted that during the phase transition a 
volume contraction of approximately 8 .5$ occurs which has to be 
taken into account. It appears that this contraction is not
^ectrron d5ffraction 
pattern from the area 
shown in Fig.66.
Fig* 67.
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Fig. 68 Schematic diagram of’finger like’ growth of the a phase.
accommodated merely by the shrinking away of the a/0 interface 
from the matrix since evidence of cracking at the interface- was 
not observed in the non-isothermally sintered gel specimens* This 
suggests that the strains crea/fced due to the volume contraction 
of the growing a-grains may be relieved by a) plastic.flow in 
either a or 0 phase or both? b) diffusional processes at the 
interphase interface leading to pore closure and growth elsewhere? 
or c) overall shrinkage of the compact (see fig 35)** These factors 
are discussed in detail in chapter 4; where a model is proposed to' 
explain the observed growth of the a phase.
3»3f6* Further transmission electron microscopy studies;
Although the electron microscopic observations provided clean? 
evidence of the nature of the metastable to the stable phase 
transformation in the gels, the initial nucleation stage was not 
observed in the specimens sintered non-isothermally in the trans­
formation temperatpi'e range. Clark and White (41) ?-nd Steiner et.al 
(lOl) have shown that the rate of transformation from Y to a in the 
alumina system increases exponentially with increase in temperature. 
Hence it is possible that the a-grains grow, with rapidly increasing- 
rate and consume the potential nucleation sites within the porous 
!0 ‘ matrix.
It was expected from the work of Clark and White and;
Steiner et.al that the gel specimens sintered isothermally for 
shorter times in the temperature range 1000~1100°C: would probably 
have less amount of the a phase formed, and there would be higher? 
probability of observing a freshly nucleated a-grain. Therefore 
extruded Balgel (MgO) specimens sintered isothermally at 1050°C' 
for 6 hours were thinned and: examined. The results are shown in 
Fig 69~72. Fig 69 shows a typical micrograph of the a-grains growing 
in the polycrystalline ’o* matrix where 11 finger like’1, growth of the 
a-grains is clearly observed. Compared with the non-isothermally 
sintered samples, very occasionally fissuring or cracking at the 
interface was observed as shown in fig 70. Furthermore small isolated 
grains in the sise range 800-1000$ were also observed. An example 
is shown in fig 71* These isolated grains gave distinct single 
crystal diffraction patterns super imposed on diffraction rings as
Fig.69. Transmission electron
micrograph of an extruded 
Balgel(MgO) specimen 
sintered at 1050°C for 
6 hours.
Mag:- 37.5K.
Fig.70. Transmission electron 
micrograph shows 
fissuring at the 0/a 
interface, very occasion­
ally observed in the 
Balgel(MgO) specimen 
sintered at 1050°C for 
6 hours.
Mag:- 12.8 K
Fig.71. Transmission electron
micrograph of a selected 
area of the Balgel (MgO) 
specimen sintered at 
1050°C for 6 hours.
Fig.shows small isolated 
a-crystallites
Mag:- 100k
Fig.7?. Electron diffraction pattern 
from the s.a. of 
Fig.71.
shown in fig 72. From the analysis of this single crystal 
diffraction pattern the isolated grains in fig 71 could be 
identified, as-a —grains* Even smaller grains in the size range- 
400-600$ were observed but these were not easily distinguishable 
by the electron diffraction. Close examination of these isolated 
a  -grains did not provide evidence of the initial nucleation 
process but indicated that the a-grains can be formed from 
preferred f8 ! grains* It is interesting to note that “finger like-' 
branches of the growing a-grains had widths in the same size range 
as those of the isolated a-grains, and therefore would indicate that 
these isolated a grains could have been sectional parts of the larger^ 
a -grains such as shown in fig 69 resulted from the specimen 
preparation technique. It might be expected, however, that'- an 
apparent cluster of small a  -grains would result in this case. It 
is possible therefore that these isolated a —grains as observed in 
fig 71 s-re original a nuclei. Clearly it is difficult to draw 
further conclusions from these observations.
3.4* Effect of variables on non-isothermal sintering behaviour
3«4*1. Introduction? It was shown-in section 3*3 that the shrinkage 
behaviour of the as received gel compacts is markedly affected by 
the polymorphic phase transformation. A transition from a region 
of rapid rate of shrinkage in the temperature range 1000-1200°C: to 
a region of drastically reduced rate of shrinkage in the temperature 
range 1200-l600°C’ was observed. This transition manifested by a 
sharp inflexion in the shrinkage curve is associated with the form­
ation of large amounts of'the a-phase. As a result, on sintering 
non-isotherma.lly to l600°C' at a constant heating r?~te of 15°C/min, 
the densification achieved in the gel compact was lower than that 
achieved with Linde A or a-alumina. It was decided therefore to 
study the effect of rate of heating, calcination, impurity addition 
a-nd atmosphere on the transitional shrinkage behaviour, in an attempt 
to explore: the possibilities of producing highly dense alumina 
specimens at comparable sintering temperatures and times to those 
used for commercially available a-aluminas. To this end non-isothermal 
sintering experiments were carried out on l) as received Balgel (MgO) 
powder compacts at different heating rates? 2) compacts prepared from
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Balgel (MgO) powder calcined to various temperatures; 3) as. 
received Balgel powder compacts doped with thoria; and 4 ) as 
received Balgel (MgO) powder compacts in different atmospheres 
The results are presented below*
3>4*?« Effect of -rate of heating: Pig 73 shows the effect of
rate of heating on the non—isothermal shrinkage behaviour of the 
Balgel (MgO) compacts* The relative bulk densities achieved on 
sintering the compacts to l600°C- at various-heating rates in the 
range l-g-°G’ to 20°C/min are shown in table: 1 5# It is apparent from 
fig 73 that the characteristic- shrinkage behaviour is not significantly 
changed on heating at various rates. The shrinkage in the region *2* 
(see section 3*3*1 for classification of the regions), however, 
increases with increase in the heating rate whereas the very little 
shrinkage observed in the region 131 remains substantially the■same-• 
This suggests that the increased, densification observed (table 15) 
is primarily due to the increased 'shrinkage- in the region 12*• 
Furthermore, the increased densification appears to be tending 
towards a limiting'value at the higher heating'rates which suggests 
that there would be no advantage on increasing the heating rate above 
20°C/min.
To confirm that the characteristic transition in the shrink­
age curve is associated with the polymorphic phase transformation.
X-ray analysis was carried out on Balgel (MgO) . sintered at the rate 
of Tg-°C/min and 20°C/min to ll85°C: and 1230°C': respectively. Almost', 
complete conversion to the-a-phase'was observed.
3 .4 .3* Effect of calcination? The shrinkage curves of Balgel (MgO) 
compacts prepared from the powder calcined at 600°, 800°, 1000° and 
1150°C and sintered at the rate’ of 15°C/min are shown in Fig 74* The1 
relative bulk densities after sintering to l600°C’ at the rate of 
15°c/min together with the green densities of the compacts are shown 
in table 16. Attempts to compact the powder calcined at 1200°C 
were not successful due to the formation of large aggregates. Since 
all the calcination temperatures were higher than the dehydroxylation 
temperature range of 400-500°C, region ’l1 is not observed in 
the curves shown in fig 74, but the characteristic transition from 
the region 12* to the region !3’ is still evident. The shrinkage
table 13
Effect of rate of heating on non-isothermal 
densification of Balgel(MgO) specimens, 
xpressed as percentage of the theoretical density of a AI2G3)
Heating rate 
°C/min
20 15 10 5> li
Density 
at l600°C
74-0 73-6 7 2 ,8 71.4 66 e 3
TABLE 16
Effect of calcination on non-isothermal densification
of the Balgel (MgO)
(Expressed as percentage of the theoretical density)
of a Al20 3
Calcination Temp C
Density
Green l600°C
600 37 68,8
800 38.2 65 ,8
1000 37-4 65 .4
1150 38.4 66,6
oH3
(D
B
0
Pc-H
£
0
o
o
ri
)->■
Oto
H*' •
tfq
-O
-P-
CO
H*
to
It1 |> 
o I Lr4 
x
HA
O
O O i
DO
O
DO
^  w  M
i—*
0 3
rt-
^  o  o  o
CO
O  M
a  s
to
Fig.75. Scanning electron 
fractograph of a 
specimen sintered to 
1600°C (heating rate 
15°C/min). The specimen 
prepared from Balgel (MgO) 
powder calcined to 600 C.
Mag:- 1.5 K
Fig.76. Scanning electron
fractograph of a specimen 
sintered to 1600 C (heating 
rate 15°C/min). The 
specimen prepared from 
Balgel (MgO) powder 
calcined at 1150°C
Mag:- 950X
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curves show some variation in detail. For example, the linear 
shrinkage in the region {2f reduces from approx, 19$ to approx.
14$ on increasing the calcination temperature from 600°C: to 1150°C', 
whereas the linear shrinkage in the region'*3* increases from 
approx, 2 to 6$. As a result densification achieved on sintering 
to l600°C; in the calcined powder compacts, is not significantly 
different. On comparison with relative hulk densities of as received 
Balgel and G.C. alumina powder, compacts sintered to the same temper­
ature (table 12) it is evident that there is no■advantage in 
calcination treatment of the gel powders before sintering.
To confirm that the characteristic transition behaviour' 
observed in fig 12 is associated with the polymorphic transformation. 
X-ray analysis of the gel specimens prepared from 600°G; and 1150°C' 
calcined powders and sintered to 1200°C at the same heating rate was 
carried out. Almost complete formation of the.a-phs.se was observed.
The Balgel (MgO) compacts prepared from 600°C' and 1150°G' 
calcined powders sintered to l600°C: were examined by scanning electron 
microscopy. The fractographs are shown in fig 75 76 respectively.
Spherical aggregates reminiscent of the microspheres observed in fig- 
17 are evident. Close examination of the fractographs did not reveal 
any significant difference between the microstructure of the low and 
high, calcined compacts. Examination at a higher magnificat ion revealed 
that these spherical aggregates were porous and consisted of fine 
crystallites.
To further confirm that characteristic transition between 
the region *2* and ’ 31 was associated with the polymorphic phase 
transformation, sintering experiments were carried out on Balgel 
(MgO) powder calcined to 1300°C: for i hour which ensured complete 
formation of a alumina. Since this powder could not be compacted 
in the as calcined state it was milled for 48 hours (see section 
2.2.8. for procedure) prior to compaction and sintering. To ensure 
that the observed shrinkage behaviour was not characteristic of the 
milled gel powder, part of the milled powder was annealed at 1200°C 
for -g hour as this treatment was expected to remove strains introduced 
during milling (l03)• Sintering experiments were also carried out
TABLE 17
Density of non-isothermally sintered milled, 
and milled and annealed Balgel ,(l%0) ,, and milled 
a-alumina (Expressed as percentage of the theoretical)
Dens
*p•H
Specimen Green Sintered 1600
(ijim) Al^O^ 
milled for 48 hrs 54=5 90 = 5
Balgel calcined at 
1300°C for 2 hrs 
milled for 48 hrs
62*8 91*2
Milled Balgel pox'ider 
annealed at i200°C' 
for 2" hr.
63*6 87.53
• . — .................... - - ..............
TABLE 18
Effect of impurity addition on non-isothermal 
sinterability of Balgel
Dens ity Kg/m3 X 103
Specimen Green . Sintered (l60c/c)
Balgel 1 = 80 2.86
Balgel (MfiO)- 1 .81 2*92
Balgel 2*00 3*69
+ ThOg
Tem
perature 
(°C) x 
10" 
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on a alumina (B.D.H) powder milled for 48 hours, The results are 
shown in fig 77 a^d the green and relative bulk densities on 
sintering to l600°C' at the rate of 15°C/min are shown in table' 17>
The characteristic rapid sintering region (region 2) and the: 
transition to the region of reduced rate of shrinkage (region 3)' 
observed with the gel compacts (fig 35) is not observed in these 
powders,which indicates that the characteristic shrinkage behaviour' 
of the gel compacts is associated with the polymorphic phase 
transformation.and if a gel powder is transformed to the a form 
before compact ion:and sinterings it shows a shrinkage behaviour similar 
to that of a alumina (B.D.H.) compact (Fig 34)•
3.4*4* Effect of impurity addition: It is known that thoria
and Hafnia if added in small quantities stabilize the metastable: 
phases of alumina to higher temperatures (104)• Since it was found 
that the metastable to the stable phase transformat ion hindered the 
ultimate densification of the gel powder compacts,., it was considered 
that stabilizing the metastable 5 or 0 phase might lead to higher 
densification..
The method of doping with thoria has been described in 
section 2,2.2.2. The non-isothermal sintering results are shown 
in fig 78 where the shrinkage curve of thoria doped specimen is 
compared with the shrinkage curves of Balgel (MgO) and Balgel 
specimens. The green and bulk densities on sintering to 1600°C: 
at the rate of 15°C/min of these materials are compared in table 
18. On examining Fig 78 it can be seen that the shrinkage curve 
of the thoria doped specimen essentially shows similar shrinkage 
behaviour to the other two gel specimens but the shrinkage in the 
region 2 is much higher (26$ linear compared to 22$ linear- observed 
for Balgel (MgO) specimen) for the thoria doped gel specimen. Further­
more the transition from the region l2l to the region '3* occurs at. 
a higher temperature of 1340° (manifested by a sharp inflexion in 
the curve). Since very little shrinkage is observed in the region 
*3* it appears that the higher bulk density achieved on sintering 
the thoria doped specimen to l600°C’ (table 18) is prominantly due 
to sintering in the region *2* * Considering that addition of 1.5 
cation $ thoria would, change the theoretical density of a-alumina, 
from (3«98 kg/m^) X 10^ to (4*18 kg/m^) X 10^ (assuming a mechanical
table 19
Summary of the crystaliographic phases observed 
in non-isothermally sintered (l5°c/min) 
thoria doped Balgel compacts
Sintering temperature
°c
crystallographic phase 
present
1200 6 + 8 + ThO^
1225 6 + 0 +  ThOg
1250 0 + Th02
1275 0 + Th02
1300 0 + a + Th02
1345 a + trace 0 + ThOg
1600 a + Th02
Fig,79. Scanning electron
fractograph of a thoria 
doped Balgel specimen 
sintered to 1345°C 
(heating rate 15°C/min) 
Mag.5K
Fig.80. Scanning electron
fractograph of a thoria 
doped Balgel specimen 
sintered to 1600°C 
(heating rate 15 C/min)
Mag:- 4.65K
Fig.81 Scanning electron 
fractograph of the 
specimen shown in 
Fig.80 at a higher 
magnification of 9.4K
mixture of alumina, and thoria) calculations show that the relative 
hulk density of the thoria doped gel specimen sintered to l600°(f 
works out to be 89% compared to 73*5$ achieved for'Balgel (MgO) 
compact sintered to the same temperature*
To ascertain the effect of thoria addition on the phase
changes in the sintered gel specimens, X-ray analysis was carried
out on the non-isothermally sintered specimens in the temperature
ranges 1200~l600°C.; at the rate of 15°c/min* Apart from the-6 ,
and a lines, strong thoria lines were also observed* This made the
phase identification task complicated because some of the strong
thoria lines coincided with the strong lines of 6 and 0 phases.
The identification of 6 and 0 phases, however, could be- carried out
o
on the basis of the presence of 2*01, l«9o, 1*95 and 1.91A diffraction 
lines as discussed in section 3*1*3- The X-ray analysis revealed that;
O
the transformation to a-alumina occurs somewhe.re between 1275 and
1300°C and is almost complete at:, 1345°C:* Furthermore very slight;
o
shifting of some of the low index diffraction lines, namely 2,o5A 
o o
of 0 , 3-479A of a and 3*24A of thoria, to slightly higher1 Bragg angles 
was observed at temperatures above 1275?C indicating very slight mutual 
solid solubility of alumina and thoria. The X-ray results-are 
summarized in table 19 and the fd f spacings are tabulated in appendix
Ip!r •
Shifting of the polymorphic phase transformation to a 
higher temperature range was further confirmed by D.T.A, The 
exothermic peak was observed at 1355^C*
The non-isothermally sintered thoria doped specimens were 
examined by scanning electron microscopy. The fractographs are shown" 
in fig 79 to 81* The fractured surface of the specimens sintered to 
1300°C appeared dense but did not reveal any details because the 
structure was too fine to be resolved in the stereoscan, A specimen 
sintered to 1345°C also appeared quite dense at lower magnifications, 
■however, on' examination at a higher magnification revealed porous 
aggregates (2-4[irn in size) consisting of fine uniformly distributed 
pores (fig 79)• Examination of the microstructure of a gel specimen 
sintered at!. l600°C: at a lower magnification appeared highly’dense
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(fig 80)5 "but close examination of the microstructure at a higher' 
magnification revealed that the grains (2~4|im) consisted of 
numerous small trapped pores (figSl) evident from the transgranular 
fracture* These observations suggest that the microstructure 
developed during the rapid sintering of the thoria doped compacts 
in the region !2 ‘ consists of-trapped pores within the grains.''
Since such trapped porosity is difficult to be removed, the.shrinkage' 
rate in the region *3 * drops almost to Eero*
The non-isothermal sinterability of the thoria doped gel 
clearly demonstrates that the conversion of the gels to the stable 
a -form is highly detrimental for their overall densification, because 
shifting the metastable to the stable; phase transformation to- s, 
higher temperature allows higher densification compared with the 
gel compacts not doped with thoria-* The reason for such improved 
densification is discussed in chapter 4 «
3• 4■ 5* Effect of sintering atmosphere; The effect of sintering-
atmosphere on the sinterability of the Balgel (MgO) compact is shawm
in fig 82. The characteristic shrinkage behaviour of the gel compact
is not altered significantly with the change in sintering atmosphere*
Moreover, it is observed that the gel compacts undergo less shrinkage
on sintering in argon or oxygen atmosphere- compared to sintering in
air* In this respect oxygen atmosphere appears to be detrimental
to the sintering of the gel compacts because a consistently reprodmcibl
anomalous expansion in the gel specimens was observed in the temper-
o
ature range 1280-1300 C. The reason for such an expansion was not 
at all clear. Since a detailed study of the effect of atmosphere or> 
the sinterability of the gels was not carried out during the present 
investigation, this aspect of the work will not be discussed.
3c5* Activation energy determination during initial stage
sintering of the gels; Young and Cutler (105) have described 
a method whereby shrinkage curves obtained from constant rate of 
heating (CBH)' experiments can be analysed to yield activation energy/ 
values, which may allow■determination of the dominant material 
transport process during the initial stage of sintering* Since the 
shrinkage behaviour of the <ns received gel specimens were studied by
constant rate of heating experiments (section 3*3.) it was considered 
that calculation of activation energies from the CRIf shrinkage curves 
of the gel specimens may lead to determination of the prominant 
material transport process* Therefore the (CRH) shrinkage- curves 
of Balgel (MgO) (Fig 36) and Biaym&l (Fig 35) specimens were analysed 
by the method described by Young and Cutler. In addition the (CRH) 
shrinkage curves of Linde A, a alumina (B.'jD.H) and Mg(OH)p (Fig 34) 
were also analysed for comparison purposes.
Johnson (l06) derived an equation for simultaneous volume 
and grain boundary diffusion contributing towards the shrinkage; 
during the initial stage when a specimen consisting of spherical 
crystalline particles is sintered* The equation is as follows;
(AL/Lo)2e06d(AL/Lo) / d t 2 . 6 3 Y Q D v (AL/Lo)1 *03/kaT3
+0 * 7Y Q  bDB/ka4T —  (6)
whore, AL = i'0~L - the change in length of the specimen,
Lq = the initial length of the specimen,
Y- the surface energy, Q =  the vacancy volume,
bD^ = the grain boundary diffusion coefficient (b is the
effective grain boundary width).
D = the volume diffusion coefficient, t = time, v 7 ’
T = absolute temperature, k = the Boltzmann constant-, a = the 
radius of the particles in the specimen*
Young and Cutler considered the volume and grain boundary
mechanism separately and modified equation (6) by substituting 
T /t = /c where c = the constant rate of heating. Replacing bD^ and
by Dobe ^/RT and Dove ^/RT, they obtained the following approx­
imately integrated equations for the grain boundary and volume diffusion 
processes respectively:
(AL/Lo f^T)-('2.14YQI)obH/Ra4cQ)^exp(-Q/3RT)-(7) 
and AL/Lo<[T - (5*34YaDovR/ka3cQ)^exp(‘"Q/2RT)~(8)
differentiation of equations (7) and (8) yielded the following
equations respectively?
d ( & L / t o ) / a - f c  -  ( 2 . 1 4  B o - b ^ / k a 4  C Q ) ^ ( Q / 3 R T ? )  x  e x p ( - Q / 3 O T ) — ( 9 )  
and d - ( A L / L  ) / d T = ( 5 . 3 4  . D o v R T / t o 3 o a p " ( Q / 2 R > i ^ ) :  x  e x p ( - C 1 / 2 R l ' ) — (10)
Thus taking AL/L values at various temperatures or
computing slopes at various temperatures from the CRH shrinkage
curves. Young and. Cutler could calculate activation energies by
plotting In AL/LqT v s  ^/t - (i), and In Td(AL/L )/dT vs ^/T— (ii),
a nearly linear relationship was found and the slopes yielded an
1 effective activation1 energy 'nQ', where n - -J- for grain boundary
diffusion and n = J for volume diffusion. According to Young’and
Cutler plotting (i) and (ii) in place of more exact plots like
InAL/Lo^ T  v s V t ~ (iii) and In T5/3d(AL/L )/dT.- vs1/!'— (iv)
for the grain boundary diffusion, and In AL/L Pi? v s^/t —  (v)
■5/0 1 ®
and In T ^  d(Ah/L )/dT vs“/T — (vi) for the volume diffusion is
j\istified, since the temperature sensitivity of the exponential
term is expected to overwhelm all the other temperature terms in
equations (7) to (lO)*
In the present work data obtained from the CRH cruve of 
Balgel (MgO) specimen was plotted according to the approximate plots 
(i) and (ii), and exact plots (iii) and (iv) to confirm the validity 
of approximate plots. Uhile obtaining the data from CRH shrinkage 
curve of Balgel (MgO) specimen, initial portion up to 600°C' of the 
curve was neglected because the bulk density values indicated (Table 
12) that the specimen does not undergo densification during dehydroxy- 
lation. Thus the shrinkage of the oxide specimen derived from the 
gel was assumed to be zero at 600°CI. (This may not be a strictly 
valid assumption because the bulk density did not change significantly 
up to 800°C’ and the thermograms, section-3*1*5* indicated that the 
water of hydration is not completely lost at 600°C', hence the slight 
contraction between 600~800°C' could have resulted from loss of 
residual water). The activation energy was calculated from the slopes 
of the least square lines fitted to the data up to 10$ linear* shrinkage-: 
above 600°C', which covered the temperature range 600-1150°C:, since 
the initial stage sintering model is expected to break down beyond
linear shrinkage. It should be noted that up to 1150°C no significant
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amount of the a phase is formed in the Balgel (MgO) specimen 
(section 3*3«2) hence the shrinkage in the temperature range 
600-1150°G is due to sintering of Y ? 6 or 0 phs.se particles*
The activation energy plots for Balgel (MgO) are showm
in fig 83-86, and the effective activation energy values calculated
from the slopes of the least square lines are shown in table 20.
It can be seen that there is no significant difference in the-
activation energy values obtained from the exact and approximate
plots. Therefore the data obtained from Baymal, Mg(0H)o Linde A
2,
and a-alumina (BBH) - CRH shrinkage curves was plotted according' 
to approximate, plot (ii) because the differential plot is preferred 
for its sensitivity (l05). The results are shown in fig 87-90 and 
the calculated effective activation energies from these plots are 
shown in table 20. It should be-noted that the activation energy 
for volume and grain boundar3r diffusion can be obtained by multiplying 
effective activation energy by a factor of 2 and 3 respectively. The 
prominent diffusion mechanism then may be deduced by comparing these 
activation energies with those reported in the literature for the‘ 
respective materials, calculated from isothermal sintering and tracer 
diffusion studies. For the purpose of comparison the calculated 
activation energy values for volume and grain boundary diffusion 
mechanisms for the above materials are also shovm in table 20 together 
with the activation energy values for magnesia and alumina reported 
in the literature for both these mechanisms.
On comparing the calculated activation energy values 
obtained for MgO (derived from Mg^H^)' from the CRH shrinkage curve 
of the present investigation with those reported in the literature, 
it can be seen that the activation energy value of 71kcal/mole 
(calculated assuming grain boundary diffusion) is in good agreement 
with the activation energy value of 80kcal/mole reported by Eastman! 
and Cutler (107)? for initial stage sintering of MgO in the presence 
of water vapour. Considering the value reported by Vasilos and 
Spriggs (108),•112kcal/mole, the present value appears to be small 
and the agreement with Eastman and Cutler may seem fortituous. It 
should be noted, however, that during debydroxylation of Mg(0H)o 
while sintering, the chemically combined water is driven off as water'
vapour which may have influenced the sintering kinetics of magnesia 
derived from Mg(OH)- Therefore it appears.that the calculated
C- o
value is reasonable and suggests grain boundary diffusion mechanism 
to be predominant during initial stage sintering of magnesia.
Although agreement between the calculated activation energy 
value with that reported in the literature for magnesia is quite good? 
it can be seen from table 20 that the calculated activation energy 
values for Linde-A and" a —alumina (bDH), even on the basis of grain 
boundary diffusion* are much lower than the activation energy values 
reported for volume and grain boundary diffusion for a-alumina in 
the literature. Considering the activation energy value of 115Kcal/ 
mole reported by Young and Cutler for a—alumina, which they-attribute 
to the grain boundary diffusion process, calculated from CRH’ shrinkage- 
curves, it appears that the CRH activation energy determination method 
yields lower activation energy values for a-alumina. A probable 
reason for low activation energies obtained by CRH:analysis is that- 
the absolute shrinkage of the compacts at various temperatures or 
shrinkage rates may be considerably affected by non—ideal sintering 
behaviour of the compact during very early stage of sintering-because 
of different geometric shapes of the particles and considerable 
variation in the number of interparticle- contacts within the specimen 
(density inhomogeinity). These very early stage shape changes also 
affect the isothermal sintering shrinkage curves as has been reported 
by Johnson and Cutler (40)• Therefore it would seem that the 
calculated values for Linde A and a —alumina (BDH) may be taken as
indicative of grain b.oiindary diffusion mechanism. It is interesting
to note that data for Linde A compact (fig 89) showed initially higher' 
slope which is taken as an indication of the contribution from surface 
diffusion (l05)« Because surface diffusion would contribute towards 
neck growth without contributing towards the shrinkage of the compact, 
which will result in lengthened diffusion paths for grain boundary 
diffusion. Consequently the onset of shrinkage will occur at a higher- 
temperature resulting in a rapidly changing shrinkage rate until the 
grain boundary diffusion mechanism predominates, with increase in 
the temperature. The contribution of the surface diffusion mechanism 
towards initia.1 neck formation at low temperatures is supported by
the work of Prochzka and Coble (50).
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Cbmparison of the calculated activation energies for 
the initial stage sintering of the non—isothermally 
sintered gel and Mg(oH)'2 compacts with those reported 
in the literature for a-Al^O^ and MgO respectively.
Specimen Activation energy plot
Activation energy 
K cal/mole 
calculated
Balgel (MgO)
i i
n
11:
.Baymal
% ( o h )2
Linde A 
a-Al20 (BDH)
ln[ ALA 03/5]vs V t
ln[AL/LQTj vs V t
ln[ T 5/3d (AlyLo)/dT]vs /rp
In £ Td(AL/Lo)dr]VS A?
t i .
ii
it
ti
75
69
82
77
43
71
953
102
Material
Literature value
for the grain "boundary■
diffusion
Literature value for 
the volume diffusion
Q.G.B.
Kcal/mole
Ref
Q.V.I). 
Kcal/mole Ref
“ -Al2°3 ,
MgO
142 - 150 
140 
115
112
81
(40 ) 
(136) 
(105)
(108) 
(107)
165
150
133
(3 9 y
(X35)
(137)
In light of the above discussion it is concluded that CRH
 -analysis-may be justifiably used for-analysing shrinkage curves
of the gel specimens. An obvious drawback, however, is that no firm
conclusions regarding the_ prominent diffusion mechanism for sintering
of metastable aluminas can be drawn, since diffusion data, for these
aluminas do. not exist. However, it seems possible that because 
aluminas
metactable/ have lower heat of formation and higher molar'volumes, 
the heat of formation of vacancies and the activation energy for 
their migration may be low. Therefore the lower activation energy 
value, 75 Kcal/mole, calculated for Balgel (MgO) compared to Linde A 
and a-alumina (BDH) is not entirely surprising, and may be taken as 
an indication of grain boundary diffusion mechanism. Nevertheless, 
the significance of the calculated activation energy value for Bnymal 
45 Kcal/mole on the basis of grain boundary diffusion mechanism, is 
not clear. Probably this is a result of a,nisotropic. shrinkage 
behaviour observed during the non-isotherrnal sintering of the 
Ba.ymal compacts (section
CHAPTER 4
DISCUSSION - - -------
4«1» Introduction? In this chapter the discussion is divided
into three parts* The first part deals with the interpretation 
of the structural change observed in the gel compacts sintered 
in the polymorphic phase transformation temperature range* In 
the second, the observed non-isothermal and isothermal sintering 
behaviour of the gels is explained in relation to the microstructural 
evidence obtained during the present investigation at the various 
stages of sintering of the gel compacts* Finally the effect of 
some of the specific variables on the non-isothermal sintering 
behaviour of the gels is discussed.
4 *2 * Interpretation of the structural change observed during the 
9—•» a phase transformation? •
4 *2 .1 . a phase nucleation?
4-*2.1.1. Homogeneous nucleation? The microstructural evidence 
presented in section 3*3 *4 ? clearly indicated that the phase 
transformation from 0 — phase occurred by a nucleation a,nd growth mechan­
ism (134)® However, convincing evidence for the initial nucleation 
step could not be obtained during the present investigation. While 
small isolated a-grains were observed (approximately 1000A diameter, 
Fig 7l) they were still large compared with the grain size and pore 
structure of the 19 * 'matrix. It is difficult to deduce therefore, 
that the a-grains could have formed at the pore surfaces or grain 
boundaries within the parent matrix. Attempts to relate grain 
nucleation to coarse irregularities in the structure were unsuccessful. 
For example a-grains were not observed specifically in the area-s 
where the grain size of the '9 * grains was larger or smaller than 
average or non-uniform. Howepver, amj/orphous regions were not 
observed, within which a-grains could have nucleated, as has been 
reported by Iler (l6). It should be noted, however, that the difficulty 
in observing the initial mucleation stage in the sintered gel specimens 
is due to the problem of identifying a critical size a-nucleus in 
the mass of polycrystalline 10 * matrix consisting of very fine
crystallites (200-300A). Electron diffraction patterns of very-' 
small a-nuclei -in the-size range of polycrystalline *0 * matrix 
• grains will not he strong enough to he recognized in the back­
ground of spotty diffraction rings obtained from the adjacent 
polycrystalline area. Thus a newly formed a-grain will not he 
detectable until it grows to a sufficiently large size to give a 
distinct single crystal diffraction pattern. Nevertheless* an 
approximate idea of the rate of stable a-nuclei formation during 
the non-isothermal sintering of the gel compacts can be obtained 
if it is assumed that the rate of nucleation does not change 
significantly with the rise in temperature. For example in the 
case of Balgel (MgO) compacts it was found that on sintering to 
1200°C, the size of a-single crystals on impingement was approx­
imately in the range 1—2Jims. It should be noted that this is only 
the approximate- range and could be determined only by the electron 
diffraction technique on the basis of approximate distances over* 
which the diffraction patterns -changed' orientation (section 3*3*4)• 
Taking an average single crystal diameter of 2 pms and assuming- 
spherical shape of the growing grains, the approximate number of 
nuclei per unit volume formed and grown at the end of the transformation 
can be calculated. Since the phase transformation in the non- 
isothermally sintered Balgel (MgO) compact occurs in the temperature 
range 1150-1200°C (section 3*3*2), the time over which the transform­
ation occurs is approximately 200 seconds. A rough calculation
indicates that the nucleation rate during the non-isothermal sintering
9 -3 -1of the compact is 10 cm sec . Although this calculation cannot 
be taken as indicative of the rate of steady state nucleation during 
the isothermal sintering it may represent maximum rate of nucleation 
at a particular temperature within two to four orders of magnitude.
Hence any nucleation model has to take this observation into account.
The nature of the nucleation problem is best demonstrated
by attempting to calculate the nucleation rate from the classical
homogeneous nucleation theory. If it is assumed that the a-grains
were to nucleate within the '0' grains by thermal fluctuations, then
*
it is possible to calculate the critical radius *r 1 of the a-nucleus
-X-
and the critical free energy 'AG 1 of a critical size nucleus to 
form homogeneously, from which the nucleation rate can be calculated.
The relevant formulae are (109):
r* = 2 <Ji/(AGv + A G S) --  (ll)
AG = 16n o.3 /3 (AG + A G J 2 (l2)
and I ~ F(kT/h) exp (-AG /kT) exp ( AF/kT) ---- (13)
p
where o - The; interfacial free energy per cm'5
^ AGV = The free energyreleasedper cm-', for the phase
transformation, AG'Q - The strain energy per cir^ ,
3I = The nucleation rate per cm per second,
N = The number of atoms per cm^,
k = The Boltzmann constant, T = The absolute temperature, 
h = planks constant, and AP is the free energy of activation for 
a nucleus to continue to grow.
Taking AG^pAKy = 2 .5 Kcal/mole = 98*7cal/cm^, (This
value for AHV , the transfornmtion enthalpy was derived from the
quantitative DTA, section 3*1.4*2, and is discussed in section
2
4*2.2.), = 1000 ergs/cm and assuming AGS = 0, the value r
and AG' are calculated to be approximately 50^ and 10~^ ergs
* 2 3 / 3respectively. Using this value of AG' and taking N 2^10 /cm ,
ld?/htD 10^^/secon(  ^G'n<^  ^ ~ 1473°K, the rate of nucleation can be
calculated if AF is known* The value of AF is uncertain a-nd may
not be necessarily the same as the activation energy for growth AFq ,
however, as an approximation it may be taken as equal to AFq , The
activation energy values for the Y—>a phase transformation have been
reported in the literature as 79Kcal/mole (Clark and White, Ref 4l)
and ll6Kcal/mole (Steiner et.al. Ref 101). The former value is used
—AG*/kT: —Ap/k
here for the purpose of calculation. The factors e ' and e
—“2X00 ~*11in equation (13) are calculated to be approximately 10 and 10
respectively, which gives I ^  10 per cm^ per second.
2However, taking the value of o, = 500 ergs/cm , the
value of e is calculated to be 10 yielding I — 10
3
per cm per. second. The calculations demonstrate that the value of
*
’I 1 is extremely dependent upon the value of a, , since AG' is
3directly proportional to a, (provided of course that AG^, does not 
change significantly during the transformation). This suggests that 
the value of q] required to account for the high nucleation rate
^  For the sake of convenience free energy released during
the phase transformation has been taken as positive in the text*
/ 9\calculated earlier (— 10 ) during the e->a phase transformation
is approximately 195 ergs/cm . Since this value is comparable
to coherent or semicoherent interphase interface it appears that
the homogenous nucleation will be possible if the nucleus forms
coherently. However, it is likely that none of the planes of the
101 and the a phase have interatomic distances which are-nearly
equal so as to form coherent or semicoherent boundaries, because
the *0* phase is monoclinic-while the a phase is hexagonal (trigonal)
(section 1.2.4*3)• Therefore the q/q interface may be incoherent
even during the very early stages of nucleation. It has been suggested
that the incoherent interphe.se interface may be treated effectively as
a high angle grain boundary and its energy may be the same as the grain.
boundary energy of either of the phases (llO)'. It seems reasonable,
2therefore, to assume the value of a, as approximately 500 ergs/cm •
Thus it will be clear from the above calculation that the probability 
of homogeneous nucleation during the0—* aphase transformation is very- 
low and to account for the possible high rate of nucleation, calculated 
earlier, it seems that one has to consider-the possibilities of 
heterogeneous nucleation.
It has been generally observed that heterogeneous nucleation 
occurs on free surfaces, grain boundaries, edges, corners and also on? 
impurity particles and dislocations. Calculations have shown (109)
(ill): that formation of a fresh nucleus on an impurity (or open 
surfaces), and on grain interfaces will be energetically favourable- 
because the energy required to create a new interface is partly compen­
sated by the reduction in existing surface or grain boundary energy. 
Obviously in a sintered gel compact, which is porous, a very high 
number of such sites will be available as is clear from the micro- 
structural details of the polycrystalline *0* matrix in the sintered 
gel compacts (Figs 43-45> 57-59)* The possibilities of the formation 
of stable a-nuclei on these sites are considered below#
4.2.1.2. Heterogeneous nucleation:
i) Nucleation on pore surfaces? The simplest possibility is that 
of an ’a* nucleus forming on flat free surface (pore-solid) of a 
!0 ! grain. For an fa! nucleus, having the shape of the segment of a 
sphere and contact angle between the a/o interface and the pore surface
4>,Fig 91 (i) > 'the condition for static equilibrium is,
c?3 + c?1 cos 4J  --- (l6)
where o2 - the surface energy of the ‘o' phase,
O3 = the surface energy of the ,Q’ phase,
and 0 ,= the the interphase interface energy,
■jf
and the expression for the critical free energy of formation !AG^ f 
on flat surface (l09) is as follows:
' # 4 tt ( )^(2 -3 cos (j> -i- cos^ <j> )
AGs » -   (17)
3 (AGvr
On comparing epuafcion (17) with equation (12): it can be seen that
-X- * ■ o
AGg AG: for all values of <f> < 180 • Unfortunately, the exact
magnitude of *4>1 is not possible to calculate since the values of 
o] and o2 are not known* Although from lattice energy, molar energy' 
and heat of formation considerations (ll2) suggest that- a, < ct3 ? ii 
is unlikely that + a2 ^  a3 i.e. «}) is likely to be smaller than' 
l80°. Hence, the formation of a nuclei on pore surfaces will be 
energetically favourable compared to homogeneous nuclea-tion. It 
should be noted, however, that the above picture is a simplified one.
In reality the free surfaces of *0 * and the newly formed 'a* phase 
are free to distort, and since the formation of a a-nucleus is 
accompanied by reduction in volume it is expected that the pore surface 
will be distorted along the line of contact of the a/0 interface with 
the pore surface as schematically depicted in Pig 91 (ii) • The new 
condition for static equilibrium will be as follows:
<*3 •(18)
sma^ sma^ sma^
However, in a real situation in the solid state systems, where the 
nucleus is in the act of either growing or shrinking, it is 
possible that the true equilibrium of the surface and interfacial 
energies is rarely attained and for practical purposes it may be 
assumed that equations (l6) and (17) adequately describe nucleation 
event on the pore surface.
a nucleus
//////// //////, ///"/////////
nucleus
Fig. 9l(ii)
oc nucleus
Fig. 92
ii) Grain boundary nucleation: The possibility of grain boundary,
edge and corner nucleation can be considered on similar lines to 
that of nucleation on a pore surface. The expressions derived for 
the critical free energy of formation of a stable nucleus on grain 
.boundaries, ed.ges and corners are given elsewhere (ill). Further­
more, calculations (ll3) have shown that the ratios
vf -A- “X'
AGB AGe a g c
—— - •*— are all equal to one at cos 4? =0 ,
AG ? AG , AG'
where <|> is the contact angle (Fig 92), and the ratios decrease with
*1 4^
the increase in the value of cos <f> , which is given by g ~~— , inhere
-Jf #  -X- *  . ’ ° i
AG , AGg AGg and AG^, are the critical free energies of formation 
for‘homogeneous nucleation, and heterogeneous nucleation on grain 
boundaries, edges and corners respectively? and o4 is the grain 
boundary energy in the *0 * phase. The formation of a stable •, a -nucleus 
on a grain boundary between two ’ 0 f grains is schematically shown 
in Fig 92. All the above mentioned sites will be energetically 
favourable if cos c{) y  o. Although the' absolute values of Oj and * 
a4 are not known, it has been observed by Smith (llO) and Van Vlack 
(ll4) that in tv/o phase systems, the interphase interfacial energy 
is equal to or smaller than the grain boundary energies of either 
or both the phases. Therefore it seems likely that c4 and
clearly cos <j> will not be zero. Hence all the above sites will be 
energetically favourable compared to homogeneous nucleation of the 
a phase. However, it is apparent from the electron microscopic 
observations that in the gel compacts, sintered in the phase trans­
formation temperature range, the density of suitable heterogeneous 
nucleation sites such as pore surfaces and grain boundaries is much 
higher than grain edges and corners. Since the nucleation rate also 
depends upon the density of the sites, it would seem likely that 
pore surfaces and grain boundaries will contribute largely to the 
nucleation event. ,
It is important to note that during thc0 — »aphase transform­
ation a volume change of approximately 8.5$ is involved. Since the 
a phase has higher density than the metastable aluminas, an a 
micleus will tend to shrink away from the matrix. This will create 
strains in either or both the phases, if the interface is to remain
int.act# These strains may considerably affect the nucleation
rate 5 as the strain energy involved may not he zero as has heen
assumed throughout the earlier discussion. Thus it can he seen
from equation (l2) that the total driving force will he AG + AG'v S 5
and since AG is negative while AG' is positive, the net driving v s .
force will he reduced* Therefore the critical free energy for the
formation of a stable nucleus will increase resulting in the 
reduction in the overall nucleation rate. For example if a model 
is assumed in which the a nucleus is regarded as an incompressible 
particle and all the strain is taken by the matrix phase, then the 
strain energy per unit volume for the formation of a spherical 
incoherent nucleus will be given by (109)•
AG, = 2 (io(va-v0)2 
3 va
where li = shear modulus of the ’o ’ phcase,1 o
va= specific volume of the a phase,
v°= specific volume of the 0 phase.
5 i 2Taking (i s 4 X 10 Kg/cm and inserting the specific volumes of 
the 0 and a phases, AG^ is calculated to be 160 ca.l/cm . Comparing
 ^ “3
this value with that of AGy (98*7 cal/cm ) it suggests that incoherent 
nucleation will not be possible. However, the calculated value is 
a gross over estimate because the shear modulus value used in the 
above calculation is that of the a phase at 1200°C. This is in­
correct since it is known that the a phase is much harder than the 
rnetastable aluminas, therefore it is expected that the shear modulus 
values for the rnetastable aluminas will be much lower compared to 
that of the a phase at comparable temperatures. Furthermore, Habarro 
(lip) has theoretically deduced that the strain energy for the 
formation of an incoherent nucleus is greatly reduced if the nucleus 
assumes a shape of an ellipsoid rather than a> sphere. Moreover, 
particularly in the case of diffusional transformations, it is 
expected (ll6) that the strain energy effects will be insignificant 
when a nucleus forms incoherently. The volume contraction or 
expansion of a newly formed phase having density different than that 
of the matrix phase can be considered as an increase or reduction in 
the concentration of vacancies at the interface respectively. If
(19)
the flow of vacancies away or towards the interface can take place
at a reasonably faster rate compared to the rate of interface
migration in the phase transformation temperature range, which is
to be expected in a diffusional transformation, the transformation
strains will be considerably reduced and may be insignificant. The
present electron microscopic observations clearly suggest that the
0-^aphase. transformation is not martensitic shear type. Furthermore,
the strong time and temperature dependence of the Y— > a phase
transformation observed by Clark and White (41) and Steiner et.al
(101) strongly suggests that the phase transformation proceeds by
thermally activated, interface controlled reaction i.e. the
interface migrates by short range diffusion of atoms (molecules)
across the interface. Therefore it is expected that rapid vacancy
diffusion may occur away from the interface during the 0 — >aphase
transformation and the strain energy factor AG may be neglecteds
during the nucleation of the a phase.
From the above discussion, although highly speculative 
because the values for a1 ? o2 and o4 are not known, it is concluded
that the nucleation during the 0-?-a phase transformation occurs
heterogeneously. Because the homogeneous nucleation rate calculated 
from equation (l3) appears to be very low and does not account for- 
the nucleation rate calculated on the basis of experimental observations. 
In the above discussion it has been tacitly assumed that nuclei form 
incoherently from zero size. However, the formation of a nucleus 
coherently or semicoherently cannot be entirely ruled out. In this 
case strain energy factor will reduce the effective driving force 
because differences in volumes of the nucleating and the matrix
phases will have to be accommodated by elastic straining at the inter­
face, but it is expected that the interfacial energy will also 
reduce considerably and the homogeneous nucleation rate may or may 
not change significantly. Furthermore, it is possible that: during 
the heterogeneous nucleation part of the interface may be coherent 
or semicoherent and this may also alter the rate of heterogeneous 
nucleation.' Much further work is necessary to resolve the above 
problems. In this respect high voltage electron microscopy may prove 
to be of considerable help since it allows observations through much 
thicker parts of the thinned specimen and therefore it may be possible
to scan through much larger areas. This m a y  increase the chances 
of observing a freshly formed a-nucleus. Nevertheless, it is felt 
that chances of observing critical size- nuclei in a mass of poly­
crystalline *e» matrix, having extremely fine grain size, are 
extremely low because only one a-nucleus per 10 ’0' grains is
formed on average.
4*2*2. Growth of the a phase;
The present transmission electron microscopic investigation 
gave very little information about the initial nucleation stage. 
However, it provided clear evidence (Figs. 43 “ 455 57 - 59) that 
during the growth of the a-grains considerable redistribution of 
the fine interconnected porosity within ' 0 T matrix occurs in the 
form of large elongated interconnected pores which are left within 
the growing a-grains,(see section 3*3*4 and 3*3*5)* The electron 
diffraction studies also confirmed that the apparent fine poly- 
crystalline like appearance of the porous a-grains is misleading and 
in fact the a-regions are made up of porous single crystals approximat 
1 - 2 (im in diameter. Thus the structural details observed within 
the a-single crystal regions must be related predominantly to the 
porosity distribution. It was pointed out in section 3*3-5 t.lie
a/Q interface migrates on a submicron scale in the form of "finger- 
like” branches and the submicron size of the "fingers” is relatively 
large (500 - 1000 8 in Hidth), compared to the size of the ’0* ma.tr ix 
(50 - 250 8 in diameter). This observation suggests that the fine 
pores within the !0' matrix in some way obstruct the growth of the 
a phrase and therefore have to be removed before the interface can 
a.dvance. However, the growth problem is a complex one because it 
can be seen from Fig .50 that in the Balgel (MgO) compacts the *01 
matrix consists of regions which appear to be in the advanced initial 
stage and start of the intermediate stage of sintering i.e. both 
necked regions as well as areas where neck impingement has occurred 
are present, whereas from Fig. 57 ~ 59 it appears that the 10 1 matrix 
of.the Baymal compacts predominantly consists of necked regions. 
However, in both cases it is evident that the growth pattern is 
basically the same i.e. pores are redistributed during the interface 
migration.
The present electron microscopic observations strongly 
suggest that the growth occurs by a diffusional process, because 
acicular or needle growth characteristic of a martensitic shear
like transformation was not observed. Furthermore, the observed 
redistribution of the porosity and the production of dense finger like 
branches of the a-grains suggests that material transport by a 
diffusional process occurs in the interface regions. Since there is 
no possibility of any orientation relationship between the growing 
a-grain and the adjacent _ * 0 * matrix grains, the interface must be 
incoherent and can be treated effectively as a high angle grain 
boundary (llO). Basically two theories have been proposed to explain 
the grain boundary migration, i) group process theory originally 
due to Mott (ll7) r-nd ii) single process theory due to Cole et al (ll8) 
and Turnbull (119)« Of these the latter is more favoured because 
it .satisfactorily explains the experimentally observed activation 
energies in most of the pure metals. Since incoherent interphase 
boundaries may behave in a similar way to high angle boundaries, the 
atomistic mechanism of boundary migration is expected to be by single 
atom (ionic) transfer across the interface for a thermally activated 
growth process. However, the effect of porosity on the interface 
migration is not yet entirely clear. The only theoretical work 
that has been reported in the literature on the effect of porosity 
on grain boundary migration is due to Greenwood and Speight (l20) 
but they consider the case of pores enclosed within the grains. Their 
derivation is not strictly applicable to the present problem because 
from the electron microscopic evidence and the relative bulk density 
measurements of the gel compacts, sintered in the transformation 
temperature range, (table 12) it is evident that the porosity in 
the ’0* grain matrix is of an interconnecting type.
Whatever the mechanism of atomistic migration (i.e. group or 
single atom transfer) it can be envisaged that the q/q interface 
will have to migrate through the individual ’0 1 grains for the growth 
to occur. Since the interface will tend to reduce its interfacial 
free energy by sitting in the neck regions or between the pores in 
the regions where neck impingement has occurred, any attempt of the 
interface to migrate past the equilibrium position AA (Figs. 9 3 and 
94) will be opposed by the increase in the interfacial-energy. The 
interface will migrate provided that the energy released by the 
.migration -more than compensates for the increase in the interfacial 
energy, how the change in free energy will be given by AF 6V =
A g 5V — cx, 8 A, where 6A is increo.se in the boundary, area when the 
v I y
volume 6v is swept through by the interphase interface. For 
migration AF must be positive, that is A G V >  a^  .---------- 0-0)
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The above condition will now be considered in terms of simple 
geometrical configurations which may approximately represent solid- . 
pore geometry in the neck regions and also in the areas where neck 
impingement has occurred.
Certain assumptions have to be made before a geometrical 
model is presented .because it is clear from the electron micrographs 
of the 10 1 matrix (Figs. 50? 57~59) that the actual geometrical shape 
of the *q * grains are complex. For the purpose of development of a 
model it has been assumed'that the necks between the * 0 1 grains and 
an a grain resemble that of a cone sintered to a plane (Fig. 93) or 
a sphere sintered to a plane with a circular neck. The latter 
geometry will be approximately similar for the ca.se where neck 
impingement has occurred. Therefore another more realistic model is 
proposed where it is a-ssumed that after neck impingement pores are 
toroidal in shape. For simplicity it will be assumed that shape 
changes in the neck regions are relatively dlow compared to the rate 
of interface migration.
Thus for a conical shaped neck with semiapex angle P(Fig.93) 
it may be assumed that p remains constant during the interface 
migration. It was pointed out in section 4*1*2,2. that the a/q 
interface will make an angle § < 180° with the pore surface. Since 
0^4.0-^ it can be seen from equation (l6) .that- angle <J> will be >  90°. 
VJhen the interface is in motion, there may be insufficient time for 
the surface tensional forces at the pore surface to come to an . 
equilibrium and there will be a force of magnitude ct^ cos 4> which 
will act along the line of contact of the interface with the pore 
surface. Singe 4> > 90°, the above force will oppose the interface 
migration. However, it is expected that $ will not be much greater 
than 90° and therefore the above drag will be small and may be 
neglected. Nevertheless, it indicates that the interface will 
be curved, convex outwards (towards the parent phase)• This 
convexity may be slight and for practical purposes the interface 
may be treated as a plane. VJhen the interface migrates it generates 
a volume in the shape of a frustrun of a cone, while the interface 
itself will be the circular base of the frustrum. The interface will 
migrate provided the condition given in ecuation (20) is satisfied. 
For the geometrical shape assumed with the neck radius- • 'L 1, it can 
be shown that the interface will migrate provided that,
2 o
\ > i r  ta n P ' (21)v
If it is assumed that a is isotropic i.e. it does not change ’
with the crystallographic orientation of the interface and the
variation in the values of a„ and AG with variation in the1 v
temperature over the transformation temperature range is neglected
then the factor 2o /AG can he effectively treated as a constant
m d  written as = 2o^/AG_^. Inequality (2l) can be viritten a i
L > L where L = L tanp (22)p o o c 1 \ y
This equation shows that the critical spacing above which the
pores must be spaced for the migration to occur, namely fL tanp 1o
increases with increase in B • If in fact L < L , then the
P o
question arises whether the interface can bulge out and migrate as
though it were pinned at the pore surface* *A model of this kind has
been considered by Bailey (l2l) and it has been shorn that in this
^ 1
case migration can occur if L > L = -r-~- (23)
C Zilx
V
where L is the critical radius for the bulge mechanism* It is 
c °
clear from (22) and (23) that for tanp > 1 (i.e.p> 45°) ^ *jc
hence for all values of radius L > L the interface will
p c
preferably migrate by the bulge mechanism, and if L <  L the
interface will bulge out but stop before it reaches the hemispherical
share depending uoon the value of L .
° * p Q
On the other hand for t a n p < l ( i . e . p - < £ 4 5 )
L < L and Planar interface migration will occur for all values of
o c ■ ‘
L > L .
P 0
In the real situation clearly p is not a constant since the
interface has to migrate past the pores. Under these circumstances
L is.changing and it would seem possible that L would become 
o ° p
smaller than L and plane interface migration would come to a halt, o
If at this instant L < L then the interface will not be able to
p c
bulge out and the interface would remain truly pinned. This problem 
is discussed below considering a more realistic model where the 
pores are assumed to be toroidal in shape.
A cross section through a growing a and adjacent !q 1 grains 
where the pores are assumed to be toroidal in shape is shown in 
Pig. 94* The volume and area generated by the migrating plane
interface can be found by considering a frustrum of a cone having 
circular sides and' a flat base. The area of the base is given by
A = tt[ L + a (l - cosiji )J 2 = n X 2 (24)
and the volume,
V - sin$ + 2 La :(sinij>- $/2 ~ sin2i|>/4)
+ a,2 (2 sini[» ~ 9 - sin 2i|»/2 - sin^<j>/3)J (25)
X ~ L- + a (l - cos ^  ) (26)
where a = the pore radius, 2L '« the neck diameter and
ij> = the angle subtended by the radius of the pore -with the base of
the frustrum (Fig. 95)•
On differentiating bothy and A w.r.t. one can obtains
GA _ B^sinX + a (l - cos ^  ) sinty] ________________________
^  L l2  + 2La (cost- y - cos2i|>/2) + a2 (cost|j + cos^-l- cos 2
(27)
putting x = a/L and since jJ = L + a(l- cos ^  )j the above 
expression can be written as
2 % sinip ________________________  - __ _
p-A - ~~7p ; 0 : ' a "J
dv L £cosi|> + 2x(cos ij —g’- cos 2^/2) +x (cos t + cos ^-1- cos 24>)J
. 2 l  .K (28)
“ i2
For plane interface migration to occur condition (20) has 
to be satisfied which leads to
l <  1,2' Ac~'v (2?)
2 q  ;K
2ol . .Since 7—  ~ h > the condition for olanar interface migration can AG c *
be written as
t2
X  <  where L_ = 7— v (30)1 1 Lc.K
As both X  and are functionsof the anglet|> to determine the 
angular range over which the planar interface migration is possible,
it is necessary to plot these functions for all values of in the
range 0 - 90°. To plot these functions it is necessary to assume
certain values for L, and L- . For this purpose three different values
of 13,' (25? 50 an& 100 X) were selected which' a,re typical of those
observed from the electron micrographs (Section 3*3*4)• Similarly two
values of L were chosen (50 and 100 X) typical of those observed from
the electron micrographs. The values of L were arbitrarily chosen toc
be 60, 75 an& 125 X. The function 1 and' 1 are plotted against $ in
Fig. 95-97 for L = 50 X, a = 25 1, L = 50 X, a = 50 X and L - 100 X, a =
100 X respectively. Furthermore L which is independent of $ is plotted
0
as a, horizontal line. *L 1 determines the condition under which it isc
possible for the j.nterface to bow out and migrate (equation 23)* For 
any given value of vp , ’jj ! must be ^  for plane migration or >■ L for 
bulging to occur.
It can be seen from Fig. 95~'97 that for the values of the
parameters chosen, at low v|) pleme interface migration can occur since
I 4. Lj , but as v|i increases the function JL intersects the junction L^. Above
this point of intersection the planar migration will -cease. If the
intersection occurs at a value of Jf,< L then the interface will come to 
< c
a complete halt. On the other hand if the intersection occurs for a value 
then it is possible for the interface to migrate by bulging.c
For example in Fig. 95 “th6 former situation occurs, where for a>ll three 
intersection points A, B and C, the values of 'J' are smaller than the 
corresponding values of = 60, 75 125 X for the function
whereas in Fig. 97 the latter situation occurs where the value of 1 
(intersection point C) is greater than !L 1 (125 X)., Therefore, inO
this cp.se the interface migration can occur by the bulging out mechanism. 
The important facets that emerge from the above model are as
follows:
i) -There are circumstances where although L + a > L  the boundaryo
may not be able to reach the top of the pores if L< L . This
0
situation is shown in Fig. .96, where L (50 X) is smaller than the
chosen values of L . It can be seen from this figure that thec
function (plotted for L = 60 X) intersects the function ’X*
a value of *j(f greater than L = 60 X (point A). In this ca.seo
the interface can bulge out and reach top of the pores, whereas the
function L, (plotted for L = 75 X) intersects the function 1 J?1 for
i C
a value of ’JL1 smaller than L = 75 X (point B). In this case the0
Fig* 
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interface.will remain truly pinned.
ii) If both L +-a and Lare > L the interface can migratec
either by bulge'or planar migration. Clearly it will choose to 
take the energetically most favourable path.
iii) If L + a is smaller than L , then the interface vn.ll not
c
be able to migrate because the planar interface migration will stop
before the interface reaches top of the pores and cannot exceed
the value of L . 'c
Whilst it is apparent from the electron micrographs (Figs*
43-45? 5^5 57-59) that the geometry between the ,Q| and *0r grains
and between *0 * grains is complex, it would seem reasonable to
assume that the above model could describe the growth of the a grains
Since the electron micrographs clearly indicate that the pores within
the '0’ matrix are redistributed during the. growth of the a grains,
i*e. some of the fine pores lying along the interface close
completely with pore growth elsewhere; it may be reasonable to
suppose, in view of the above ideas, that the average spacing .between
centre of pores (2L + 2a) within the 'o’ matrix is smaller than !2L 1o
Hence the interface cannot migrate until some of the pores are
completely closed. A firm conclusion can be drawn only after a
comparison has been made between the calculated value of 1 h 1 using
equation (23) and the average spacing between pore centres determined
from the electron micrographs (Figs. 43-45? 50? 57~59? 70-71)•
However, it is necessary to consider the accuracies in the calculated
value of *21. 1 and the observed value of 2L + 2a from the electron 
c
micrographs, to make a reasonable comparison.
There are a number of difficulties in determining the average 
spacing between pore centres from the electron micrographs. The 
intercept method is not of much help because one is interested in 
the nearest distance between pore centres. Therefore the only 
possible way is to measure the spacing between pore centres,from 
selected pairs of pores, from the areas where pore neck geometries 
are well resolved. However, this does not simplify the problem 
because considerable overlapping of 10 1 grains and overall poor 
resolvability of the fine '01 matrix severely limits these kind of 
measurements. Nevertheless, an attempt was made to measure these
spacings from a number of electron micrographs which yielded a very 
approximate value of 150 ±  15 & for the average spacing between 
pore centres,,
To calculate *2L 1 it is necessary to know the value of ,
and AG with reasonable accuracy. Experimentally determined inter-
facial energy values for the a/ interface are not known and-could
not be determined during the present investigation. However, it was
pointed out in section 4 *2 .1 .1 ., that most of the work carried out 011
interfacial energy measurements in two phase metallic systems (llO)
(114) indicates that interphase interface energy values are similar
to high angle grain boundaries in either of the phases. Since it is
generally found that high angle grain boundary energies are
approximately in the range 0 .3 to 0*5 of surface energy values (122)
it is reasonable to suppose that values for would also be in a simila
range. The surface energy value for a alumina is reported to be
approximately 1000 ergs/cm' (112); therefore it is expected that
2
values for would be in the range 300 - 500 ergs/cm'.
To determine . AG ,the heat of transformation AH for the v ’ v
0 — yaphase transition was evaluated by the DTA technique (section 
3.1.4*2). But the correct value of AG^ can only be determined if 
the entropy of transition 1 ASy 1 is known, since all"these quantities 
•are related by the following expression:
AG = AH - T  AS (31)v V V '
Unfortunately the q — a phase transition is thermodynamically
irreversible, therefore the normal reversible thermodynamic approach
to determine AS cannot be used (in a reversible reaction AS can be v . V
determined, knowing true equilibrium temperature 'Te1 and putting
AG = 0 at Te). An indirect way to determine AG is to calculate 
v v
the free energy of formation ’ A G ^ 1 of both the phases (if the 
heat of formation 'AH^1, specific heats and entropies for both the 
phases are known), and then to take the difference at' any required 
temperature. These kind of calculations have been carried out for 
Y — a phase transition in JANAP thermodynamic tables (123) • The data 
are plotted.in Pig. 98. It should be noted, however, that these 
calculations have been carried out by arbitrarily choosing 1 A H  1 
value reported by Yakokawa and Kleppa forY-— p* a phase transition 
(5*3 kcal/mole)j to determine the T AII^ 1 value for the Y phase at
room temperature and assuming that heat capacities for the Y phase
a,re higher by 5f° each temperature compared to the a phase.
Although the validity of this procedure is open to question, it can
be seen from Pig. 98* that in the temperature range of interest
(lOOO - 1200°C) the difference in the free energy of formation
values is in the range 2.5 “ 3.0 Kcal/mole, which is almost half of
the heat of transformation value determined by Yakokawa et al.
Therefore it would seem reasonable to assume that A G I I  . Itv " v
suggests that the assumption AG AH made for earlier calculations
v v
(section 4*2.1.1.) is incorrect. However, it should be noted that
calculations conried out in section 4*2.1.1. were only approximate
and in principle the conclusions drawn in that section are expected
to be reasonably valid. Although the entropy of transition
considerations indicate that AG may be taken —  uAH , it is not easyv ~ v 7
to determine AG^ unambiguously because .-it was pointed out in
section 3.1.4*2. that All value determined for Baymal (1 .8 4 Kca-l/mole)
was almost half of the value determined for Balgel (MgO) (3*4 Kcal/mole)
by the dilution technique. This was an unexpected.result because 'AH
values determined for Balgel (UgO) and G.C.Alumina are in quite good
a.greement (table 8). Furthermore the difference between the heat of
transformation values of Baymal and Balgel (MgO) is too large to be
accounted on the basis of experimental errors in the BTA technique.
No satisfactory explanation could be found to resolve this problem
as will be clear from the following discussion.
Reference to the literature shows that there is no general
agreement between the A H  values reported by various workers for the
Y — >a phase transition. ICostomarrof and Hey report a value of
11 Kcal/mole (l23), determined by a DTA technique, wherea,s Kelly et
al (124) report a value of I0 .3 Kcal/mole determined by a heat of
solution method. On the other hand Yakokawa et - al (99) report
somewhat lower values for three different aluminas. Their reported
values are 5*3 Kcal/mole, 3*4 Kcal/mole and 2.6 Kcal/mole for
Y— ->a ,6 *a and k  >a phase transitions respectively. It should
be noted, however, that AII values determined by Yakokawa et al 7 7 v
differ considerably from one powder to another. Although these 
workers have reported three different values for three transitional 
sequences which apparently appears to be reasonable, the real reason 
for the variation in their valties is probably some unknown thermal 
effect. Because if their results were correct then the Y to 6 phase
transition should have been accompanied by a heat evolution of ca„
1*9 Kcal/mole. It was found during the present investigation that
Balgel (MgO) and G.C.alumina 'powders transform from y to
intermediate 6 form before transforming to 0 and a , similar
observations hove been made for hydroxide derived metastable
powders by other workers (section 1.2.3)* However, no exothermic
peek -was observed by BTA in the temperature range 900 - 1100°C
for the above powders, indicating that no heat is evolved during the
Y— *6 phase transformation. This may not be entirely surprising
because the metastable aluminas differ only in their cation
arrangement whereas the arrangement of anions remains basically the
same. Since the size of cations in Al^O^ lattice is relatively
small compared to anions, it is expected that cations can migrate
through the lattice interstitially which involve only very small
energy changes, too small to be detected bjr thermal techniques (86).
Obviously differences in AH values for different metastablev
aluminas cannot be accounted for on the.basis of structural 
.(crystallographic) differences. Although there is-a slight 
difference in the transitional sequence for .Baymal and Balgel (MgO) 
powders (section 3*3*2) the above argument indicates that the observed 
difference in their heat of transition values cannot be accounted 
for on the basis of slight differences in the transitional sequence.
The present electron microscopic observations suggest that 
the heat evolution determined by the BTA technique will also include 
the contribution from the surface energy released during the 
transformation because it is apparent from the electron micrographs 
that considerable grain- growth occurs during the phase transformation 
(section 3*3*4)* It may be possible that this surface energy 
contribution is different for Baymal and Balgel (MgO) powders -and 
probably contributes towards the observed difference in A H  values. 
However, the electron microscopic observation (section 3*3*4) 
indicated that the grain size of the above powders is closely 
similar before end after the transformation and cannot be expected 
to account for the factor of two difference, nevertheless,, the 
surface energy term may have to be deducted from the A H  values 
determined by BTA, because the reduction in total surface energy 
may or may not aid the interface migration. Unfortunately the 
shape of porous a grains produced during the phase transformation,;, 
is very complex and the contribution of the surface energy term
cannot be easily calculated. Accurate specific surface area 
measurements by gas adsorption technique may prove useful in this 
respect but this kind of work could not be carried out during the 
present investigation.
Another possible explanation for the observed difference 
in AH values of Baymal and Balgel (MgO) may be sought in the 
observed difference' in their reactivity. It can be seen from 
Figs. 19 - 20 that the transformation peak for Balgel (MgO) is 
sharp and occurs over a narrow temperature range, whereas for Baymal 
it is shallow, occurs over a broad temperature range and the entire 
peak is shifted towards a higher temperature range relative to the 
Balgel (MgO) peak. This observation suggests that the rate of 
transformation in Baymal is slower compared to Balgel(ifgO). Since 
the0 — * a phase transformation occurs by a. nucleation and growth 
process, it is possible that impurities affect the transformation 
kinetics. If has been generally observed that impurities can reduce 
the nucleation and growth rates (125). It can be seen from table 2 
that the above powders contain a number of similar impurities but 
Baymal in addition has large quantities of acetic acid. Therefore 
it would, seem likely that although most of the acetic acid may be 
removed during heating it may leave residual carbon which could affect 
the transformation kinetics. The overall effect of slowing the rate 
of reaction and pushing it towards higher temperatures may increase 
the heat losses through thermocouple vires and to the surrounding by 
conduction, and may also increase radiation losses, in the BTA cell5 
because thee— ^aphase transformation occurs in a temperature range where, 
radiation losses could be important. Thus the peak recorded by the 
apparatus may yield much lower heat of -transformation than the' true 
value. It has been observed by several workers that the peak area 
per: unit heat evolved or absorbed recorded, by BTA apparatus decreases 
with increase in temperature where the reaction occurs( 95 ). This 
observation may support the above explanation. Unfortunately most of 
the quantitative BTA work is carried out at temperatures below •
1000°C and very little is known about the factors affecting BTA peaks 
at higher temperatures.
The above discussion suggests that the heat of transformation 
evaluated for Baymal may be smaller than the true value. Since an 
entirely satisfactory explanation cannot be offered to account for 
the difference in AIIy values of Baymal and. Balgel (I'lgO), a 
reasonable solution appeared to take their values as upper and lower
Limits for A G * Recalling that AG may be assumed to be approximately v v "
equal to -J-AH , the .AH values of Baymal and Balgel (MgO) yield AG
in the range.0*90 to 1.7 Kcal/mole. Since the value for a1 was
2
fixed in the range'300'— 500 ergs/cm , the calculation yield. V2L !c
in the range 40 - 130 £• On comparing this calculated value of *2L 1' c
with the observed value for the average spacing between pore centres,
150 i  75 -S* it is apparent that there is considerable overlapping 
between the range of calculated and observed values. Considering the 
fact that the value of A is'uncertain and it is extremely difficult 
to get the exact idea of spacing between pore centres, it may seem reason­
able to conclude that the interface is pinned by the pores within the 
*01 matrix and cannot migrate unless the pores are redistributed. 
Nevertheless, it is difficult to draw a firm conclusion purely, on the 
basis of the bulging model because of considerable uncertainty in the
value of 12L 1 and ’ 2L + 2a1. Therefore it is necessary to consider c . 0
whether it is possible to account for the porosity redistribution if 
it is assumed that the interface is free to migrate.
The overall impression one gets from the present electron 
microscopic observations is that the pores adjacent to the interface 
close relatively rapidly during the interface migration compared, to the 
closure of pores within the polycrystalline ‘0* matrix;. Moreover, the 
"finger like" growth and simultaneous formation of large elongated pores 
along the sides of these "fingers", as schematically depicted in Fig. 68, 
suggests that some of the relatively larger pores continue to grow at the 
expense of smaller pores lying along the migrating interphase interface. 
This observation may be taken as an indication, that vacancies from 
smaller pores migrate a.long the interface to these larger pores which may 
act as preferable vacancy sinks (this necessarily involves material 
transport in the reverse direction). If it is assumed that the interface 
is not pinned but is free to migrate by the ionic transfer across the 
interface, then it is interesting to consider whether the time involved 
in the interface migration, for example from point x to point y as shown 
in Fig. 94 (assuming planar interface migration), is sufficient for 
closure of pores lying along the interface by vacancy migration along 
it to nearest vacancy sinks (large pores).
For a thermally activated interface controlled process, the 
theory predicts (109) that interface migrates at a linear rate and 
the velocity ’y* of the interfa.ee is given by the expression :
y = 6 'f/h exp ( ^’ A/k'T) [3_ exp ( ^“V/k'f)] (32)
where 6 ~ width of the interface in eras and rest of the terms have 
the same meaning as in equation (13) • Alternatively the ahove 
expression can be written in terms of the effective diffusion 
coefficient ID1 1 for interfa.ee migration as follows(127) t
D_ AG
" • i  -6-  . .(33);
To calculate the time required for closure of pores lying along 
the interface by vacancy migration, the following expression derived 
by Kucsynski (l28) will be adopted without any detailed assumptions:
4. n k T  r 4= ___  o (34)
2 Y 53( 5Db)
where t.p - the time for complete closure of pores of initial pore
3radius r . Y = the specific surface free energy, 6 = the vacancy
volume, = the grain boundary diffusion coefficient.
Since only the relative values for the time of interface
migration and the time of pore closure are required rather than
absolute values, it is necessary to find the ratio Ifkere
t. is the time required for interface migration along the entire
length of the pore (2 r ). The expression for t,,/t. is as follows:o \ 0 / ± r i
t_ tt ( r )3 I) . AG - /.rx
f oJ 1 v (35)*
ti 4 Y 63.62 \
To calculate the above ratio values of D, and D, are reouired.
1 b . -
can be calculated by initially calculating !y f using equation (32) 
and, then reinserting this value in equation (33)* Talcing AF^ =
79 Kcal/mole (arbitrarily chosen from the work of Clark and*White,
ref. 41), AG = 1.7 Kcal/mole, T = 1473°K, 6 = 3 x 10~8 cmsj the
V ~1A 2 /value of was calculated to be approximately 10 cm /second.
Now if it is assumed that the basic process involved in the ionic
transfer across the interface is the same-as migration of ions to the
pores, then D, may be taken —  ]), and one can calculate the value of
tVt.. Taking r = 100 A and 6 = 1.4 x 10 cm (assuming oxygenr l o
ions to be rate controlling), equation (35) yields a value of 
approximately 1.5 x 10^ for t^/t^. This calculation suggests that 
pore closure simultaneously with interface migration is a very unlikely
process. On the other hand if it is assumed that the interface 
remains pinned by the pores? then ions must diffuse to the pores 
since the process is energetically favourable (reduces the total 
surface energy of the compact).
From the above discussion it will be clear that the existing 
theoretical models for interface migration and pore closure by a 
diffusional flow of material cannot account for the simultaneous 
removal of pores lying along the interface during its migration.
On the other hand the 'geornetriccil model proposed? incorporating the 
bulging model initially developed by Bailey (l2l) offers a better 
explanation for the porosity redistribution. Therefore the only
3 . S
conclusion that can be 'drawn at present/that during the growth of the 
a 'grains in the gel compacts? sintered in the transformation 
temperature range? the pores pin the interface and it cannot migrate 
until some of the pores lying along the interface are removed. The 
observed porosity redistribution and the "finger-like" growth suggest 
that the pore removal takes place by rapid diffusion of vacancies 
along the interface from smaller’pores to relatively larger pores.
The effect of such porosity redistribution on the sintering behaviour 
of gel compacts is discussed in later sections.
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4*3* Sintering behaviour of the alumina geIs;
4»3»1. Non-i sothe rma1 sintering:
The non-isothermal dens if ioo.tion of the gels can he clearly 
divided into three stages. The first* lasting up to about ^>00°C is a 
manifestation of the thermal decomposition of colloidal aluminium 
oxyhydroxide into Y aluminium oxide and gaseous water vapour* which 
is accompanied by a slight contraction (approximately A - 8/S linear* 
Fig. 35) in the gel compacts. The second stage commences at about 
500°C and lasting up to the transition temperature 'T. 1 (see page 86X
for the explanation of 'T, *) shows rapid rate of densific.ation.t '
During this stage the gel compact also undergoes simultaneous
progressive phase transformation from Y to a alumina. The second
stage is-abruptly followed by the third stage a/bove the temperature
’T , D u r i n g  the latter observed u p  to 1600°C densification rate t 0 *
drops to an extremely low value.
The temperature range of the slight contraction in gel 
compacts* observed in stage one, is correlatable with the temperature 
ran*ge of dehydroxylaf’ion of the gel powders as can be seen from the 
DTA (Fig. 19-20) and TGA (Fig. 2l) results. This suggests that the 
contraction in the gel compact occurs due to removal of the combined 
water. Individual crystallites may shrink and subsequently undergo 
rearrangement to reduce the increased pore volume. Some evidence 
for the shrinkage of the gel crystallites was obtained from the 
X ray crystallite size measurement (section 3*1*3) which indicated 
that crystallite size of the gel particles reduced slightly on 
dehydroxyla-tion. Similar observations have been made by H e r  (l6) 
for fibrillar Baymal particles, however, he reports that these fibres 
shrink only in diameter and not in length. This possibly accounts 
for’ the anisotropic shrinkage observed in the.Baymal compacts 
(section 3•3* 1) because on compaction the fibres will align them­
selves with their length, perpendicular to the direction of pressing. 
Since the fibres shrink only in diameter, rearrangement of the 
particles will preferably occur in the direction of pressing resulting 
in higher shrinkage in that direction as was observed. It is clear 
from table 12 that the gel compacts undergo reduction in their 
green densities on dehydroxylation. This is probably due to 
frictional forces between the particles preventing removal of excess 
pore volume, created during dehydroxylation, by particle rearrangemejrfc.
In the second stage the gel compacts undergo rapid shrinkage 
and densification (ta/ble 12) in the temperature range 1000°C to T.
(Fig, 35)• During this stage the gel compacts also undergo progressive 
transformation through the intermediate phases and finally transform 
to the stable a . form in the temperature range 1150°C to T, (sectionX
3.3.2). The important outcome of the present electron microscopic 
observation (Fig. 43-45? 57-59) is that it provides direct evidence 
to clarify the role played by the polymorphic phase transformation 
during the sintering of the gel compacts. It is clear from the 
electron micrographs that the polymorphic transformation occurs by 
a- nucleation and growth process and the fine porosity within the ’q ’ 
matrix is merely redistributed during the growth of the a grains.
Since the redistribution of the porosity occurs heterogeneously on 
a submicron scale, the pore removal within the compact as a unit 
must be due to uniform sintering within the *0' matrix and the 
transformed a phase regions. The electron diffraction study (section 
3.3 .4) has proved to be highly significant in this respect because 
it has been possible to positively establish that freshly nucleated 
and grown a grains are in fact porous single crystals and their 
apparent polycrystalline like appearance is misleading. Since the 
average size of the elongated interconnected pores left within the 
growing grains is relatively small compared to the average size of 
the a grains, it is apparent that most of.the pore volume within the 
phase regions will be effectively trapped. Because it is far 
removed from the migrating interphase interfaces .and! high angle grain 
boundaries formed by impingement of adjacently growing a grains which 
can act as effective vacancy sinks for the removal of pores (38?39?42). 
Since the predominant mechanism of material transport during the 
sintering of a alumina is expected to be the grain boundary diffusion 
at lower temperatures (section 1.3*2.l), the rate of pore removal 
within the growing or impinged a phase regions will be extremely low 
because of the effective trapping of pores and drastic reduction in 
the grain boundary area. Therefore, the observed rapid densification 
of the gel compacts must be predominantly due to rapid sintering 
of the polycrystalline '01 phase matrix. Initially during the early 
stage of the transformation the 10 r phase matrix will be continuous 
throughout the compact. However, as the sintering temperature 
increases, the volume fraction of the a pha.se formed will increase 
rapidly and soon a stage will be reached where the growing a phase 
regions will form a continuous skeleton throughout the compact. Thus
it can "be envisaged that the gel compact will continue to sinter 
rapidly until the *0 1 phase is continuous throughout the compact, hut 
the sintering rate will drop.rapidly virtually to zero as soon as the 
9 6 phase regions "become continuous, which is manifested by a sharp 
inflexion in the shrinkage curve of the gel compacts delineating 
stage- 12 * from stage ’3 '»
It should be noted that during the phase transformation a 
volume contraction of approximately 8 .5^ occurs. However, it is 
expected that this volume contraction may not create any stresses in 
the growing a pha.se regions because the polycrystalline ’0f pha.se 
matrix undergoes sintering simultaneously and therefore is free to 
shrink around the growing a phase regions. It can be seen from the 
shrinkage curves of the gel compacts that linear contraction of the 
compacts is much higher than that can be attributed to the volume 
contraction alone. For example the Balgel (MgO) compact (Fig. 36) 
undergoes linear shrinkage of approximately 7*5$ (over the temperature 
range 1150 - 1200°C) compared to approximately 2.8fo that can be 
attributed to the phase transformation. This observation indicates 
that the ' 0’ phase matrix shrinks around growing a gre.ins more rapidly 
than the contraction of the o phase regions due to the volume change 
involved in the phase transformation, which may account for the 
observation that no cracks at the migrating interphase interfaces were 
found in the non-isothermally sintered gel compacts.
Virtually zero rate of densification observed in the third 
stage of sintering of the gel compacts is clearly the consequence of 
the microstructure developed during the phase transformation. The 
grain growth during the phase transformation resulting in drastic 
reduction in the total grain boundary area and effective trapping of 
the pores within the a grains will contribute towa-rds the extremely 
low rate of densification that is observed in the temperature range 
1200 — -1400°C, because the only prominent process of material 
transport is expected to be the grain boundary diffusion. Slight 
increase in the densification rate above 1400°C may be indicative 
of the increasing contribution from the volume diffusion mechanism..
It is interesting to compare the third stage of npn—isothermal 
sintering of the gel compacts with the sintering of coarse a alumina 
(BDH) powder compacts. It can be seen from table 12 that Balgel (l>igO)
compacts sinter from 10$ to only 73a> of the theoretical density in 
the temperature range 1200 - 1600°C, whereas a alumina (BDIl) compacts 
densify from 54$ to iQfi of the theoretical density in the same 
temperature range and time of sintering (heating rate 15°C/min).
Prom Pig. 42 it con he observed that the a alumina compacts on 
sintering to l600°C consist of a pore grain boundary matrix where 
the pores are intersected by grain boundaries. The fracture is 
predominantly inter granular, whereas the gel specimens sintered to 
1600°C (Pig. 40) reveal very few grain boundaries. The pore volume 
predominantly appears to be trappedwithin the grains as is evident 
from the transgranular fracture. These observations well illustrate 
the importance of grain boundaries during the sintering of a alumina, 
compacts.
On comparing shrinkage curves and densification (Pig* 35? 
table 12) of the conventionally sintered gel compacts obtained during 
the present investigation with the hot pressing results of Mafkin 
et al (15) (Pig- 5) evident that application of external
pressure has very little effect on the non-isothermal d.ensification 
of the gel compacts. Furthermore, somewhat lower densification 
obtained at the end of the second stage of sintering during hot 
pressing of the gel compacts (approximately 58% of the theoretical,
Pig. 5) compared with the densification obtained by conventional 
sintering (approximately in the range 56 - 10$ of the theoretical, 
table 12) suggests that plastic flow mechanism cannot be a predominant 
process of material transport during the simultaneous sintering and 
the phase transformation of the metastable alumina derived from the 
gels. Because if a plastic flow mechanism was operative one would 
have expected much higher densification during hot pressing of the 
gel compacts compared to conventional sintering. Therefore, diffusional 
processes must be predominant during the simultaneous sintering 
and phase transformation of the metastable phase matrix as was 
concluded from the activation energy determination of initial stage 
sintering of the metastable phase alumina (section 3*5* ) p'n&
observed redistribution of the porosity during the phase transformation 
(section 4*2.2). The fact that sintering rate drops virtually to 
zero in the third stage during hot pressing suggests that plastic 
flow mechanism is not important during the sintering of a alumina 
below 1400°C. If it was a predominant mechanism of material transport, 
the compact should have continued to undergo densification irrespective
of entrapment of pores within the grains.
It was concluded in section 4*2.2 that during the growth of 
the a grain, interface remains pinned by the fine pores within the '©1 
matrix, and it cannot migrate unless the pores lying along the 
interface are removed by vacancy diffusion along the interface from 
smaller to larger pores. Thus resulting in redistribution of the . 
porosity. However, it should be noted that the redistribution of the 
porosity occurs at a relatively rapid rate compared to the rate of 
pore removal within the ’9* matrix during the non—isothermal, as well 
as the isothermal sintering of the gel compacts. These observations 
indicate that diffusion rates along the interface must•be unusually 
high and some kind of enhanced reactivity (Hedvall effect) exists in 
the interface regions. To have a quantitative idea of the enhanced 
diffusivity in the interface regions it may be necessary to carry o.ut 
quantitative measurements of actual growth rates at various temperatures. 
This kind of work is quite complicated and was not attempted during 
the present investigation. Some of the factors which may contribute 
towards enhanced diffusivity in the interface region are as followss
Highly disordered structure of the incoherent interphase 
interface may allow relatively rapid diffusion along the 
interface.
Segregation of impurities along the migrating interface (125) 
may create defective solid structure in the interface 
regions, thus increasing effective width over-which diffusion 
can occur (l3l)*
The interface regions may be at relatively higher temperatures 
compared to elsewhere due to the heat evolved during the 
interface migration.
Isothermal sintering;
It -was observed during the present investigation that the 
isothermal densification behaviour of the gel compact is very poor 
(section 3*2.1.), particularly in the temperature range 1200 - 1500°C 
(Pig. 22, 23).
From the X ray analysis carried out on the isothermally 
sintered gel compacts (section 3*3*2) it is clear that the gel compacts 
transform simultaneously to the stable a phase during isothermal
i)
ii)
iii)
sintering in the temperature range 1000 - 1200°C« Furthermore, the 
transmission electron microscopy reveals (Fig, 70, 7l) that fine 
pores within the 'O’ matrix are redistributed and are effectively 
trapped within the growing a grains. Since the *0 * phase matrix is 
expected to sinter by the grain boundary.diffusion-mechanism (section 
3*5* ) a^d the phase transformation occurs by interface controlled
thermally activated process, both the rate of densification of the 
’0 ’ matrix and the rate of transformation will be time and temperature 
dependent, and will increase exponentially with increase in the 
temperature. It was pointed out in the previous section that 
densification of the gel compacts in the transformation temperature 
range occ\irs predominantly due to sintering of the metastable phase 
matrix, and transformed a phase regions in fact prevent densification 
of the gel compacts. The observed low rate of densification in 
the. temperature range 1000 •- 1200°C may be combined effect of these 
two factors.
Since all the gel compacts were heated to the desired isothermal 
sintering temperature cat a heating rate of 15°c/min (section 2.2.1.3) , 
the isothermal densification of the gel compacts at 1200°C and above 
will be controlled by sintering of the transformed c phase matrix. 
Obviously due to the microstructure developed during the phase trans­
formation, the compacts will exhibit extremely low isothermal 
densification rates as observed during the third stage of the non- 
isothermal sintering of the gel compacts. The stereoscan and 
transmission electron microscopic observations, carried out on the 
gel compacts sintered isothermally in the temperature range 1200 - 
1700°C (sections 3*2.2. and 3*3*4), reveal that the microstructure 
developed during the phase transformation undergoes considerable change 
with the sintering time and temperature. The stereoscan electron 
microscopy indicates that the gel compacts tend to attain a well 
defined pore-grain boundary matrix structure from the initially formed 
complex honeycomb like solid mass, within reasonably short times on 
heating to higher temperatures (Figs 25, 27, 29). However, the time 
required to attain a similar structure at lower temperatures is very 
long. (Fig. 33)* The.transmission electron microscopy indicates 
that on heating the compacts above 1200°G isothermally, increasing 
number of subgrain boundaries are formed in the neck like solid 
regions situated between the elongated interconnected pores (Fig. 54) ,
which were devoid of any clear subgrain boundaries (Fig. 52). The 
overall coarsening of the pore and subgrain or gla-ss structure 
observed, on heating at different temperatures for various lengths 
of time (Figs. 32, 33, 52? 54-56, 27, 29), indicates that the 
formation of subgrain boundaries in the neck like regions probably 
promotes the removal of smaller pores, by vacancy diffusion along 
these subgrain boundaries, which may act as vacancy diffusion pipes 
(129) ? to larger pores which can act as vacancy sinks, Closing of 
some of the smaller pores may result in the migration of -subgrain 
boundaries, ultimately resulting in the formation of high angle 
boundaries by coalescence (130) and consequently grain growth.
Thus it appears that the formation of subgrain boundaries facilitates 
removal of some of the effectively trapped smaller pores by vacancy 
diffusion to the larger pores which can act as more favourable vacancy 
sinks, because distances over which vacancies may have to diffuse are 
considerably reduced compared to diffusion of vacancies to existing 
grain boundaries within the specimen. This may be the cause of very 
low rates of densification observed in the temperature range 1200 - 1500°C. 
The fact that a pore grain boundary matrix structure is attained 
relatively rapidly at temperatures above 1500°C may be indicative 
of increased contribution of the volume diffusion mechanism. It should 
be noted that although surface diffusion mechanism cannot contribute 
towards densification of the gel compacts, it may contribute towards 
rounding of the elongated interconnected, formed during the phase 
transformation.
The formation of subgrain boundaries at the neck like regions 
is not clearly understood. It can be envisaged that due to the 
surface tensional forces at pore surfaces, these necks will'be under 
the state of tension. It is possible that these stresses may be 
relieved by negative climb of dislocations to the necks. Unfortunately 
no clear evidence of any kind of dislocation structure formed within 
the grown a grains could be obtained, which may have climbed to the 
necks. More work is necessary to resolve this problem.
From the observed microstructural changes during the
isothermal sintering of the gel compacts it is clear that the complex 
microstructure developed during the phase transformation is the main
cause of poor isothermal densification of the gel compacts. Any
quantitative interpretation of the isothermal densification in terms 
of existing theoretical sintering models to evaluate predominant 
mechanism of material transport is extremely difficult, because of 
the complex microstructural changes do not resemble those assumed 
during the derivation of these models. However, qualitatively the 
observed microstructural changes strongly suggest that the diffusional 
mechanisms of material, transport must be predominant during the 
isothermal sintering of the gel compacts. The driving force for the 
observed microstructural changes stems from reduction in the total 
surface energy of the compact. Attainment of a pore grain boundary 
matrix structure similar* to that envisaged by Coble (37) far 
intermediate stage sintering model, on sintering to higher temperatures 
indicates that the 'gel compacts should be capable of attaining near 
theoretical densities but only on sintering to very high temperatures. 
Bates et al (76) have in fact observed that gel compacts can be 
densified to near theoretical densities on siibering above l800°C 
(section 1.4*1*1*)*
4*4* Effect of variables on the non-isothcrmal sinterability of the 
gel compacts
4«4*1 * Effect of the rate of heating:
From Fig. 73 it is clear that increase in the overall 
densification on sintering to 1600 C (table 15), on increasing heating 
rate, is due to increased shrinkage observed in the second stage of 
sintering of the gel compacts. Since rapid densification of the gel 
compacts in the second stage is expected to occur predominantly due to 
sintering of the rnetastable phase matrix (section 4*3*1*), it would 
seem likely that increased densification of the gel compacts on 
increasing the rate of heating is due to significant amount of the 
metastable phase matrix being retained up to higher temperatures.
Some indication of retention of the rnetastable phase matrix can be 
obtained from the shrinkage curves (Fig. 73)* It can be seen that 
the transition temperature ’T,1 shifts from approximately 1180°C to 
1230°C on increasing the heating rate from lfr°G to 20°C/min. Since 
the phase transformation is strongly temperature dependent (41, 101), 
using very high heating rates wilL not be of much practical use because 
above 1200°C the transformation will be over in very short times.
Thus, time available for sintering of the rnetastable phase matrix 
will be insufficient and obviously a limiting heating rate.will be
reached, as can be seen from Fig. 73 and table 15, above which no 
further improvement in densification will occur.
4. /\.,2. Effect o f cal c inat i on £
It was reported in section 3*1.2. that Balgel (MgO) powder
consisted of microspheres and the microspherical shape was retained on
calcination. Therefore it is expected that the sintering behaviour
will be influenced by the aggregate structure, and the observed
differences in detail (Fig. 74) in the shrinkage curves of precalcined
gel compacts may be due to differences in aggregate structure produced
on compaction. However, it is extremely difficult to envisage how
the aggregate structure affects the sintering of these compacts in
the stage 2. It is possible that low temperature (600°C) calcined
aggregates may be relatively weak compared to high temperature
(1150°C) calcined aggregates. Thus on compaction the former may
disintegrate producing an aggregate structure such that both inter
and intra aggregate sintering may occur. On the other hand the
latter may retain the aggregate chape and only intra aggregate sintering
may be predominant with very little sintering between the aggregates
( 63, 64 )« The overall effect being that in stage 2 the former
will densify to much greater extent compared to the latter. Persistence
of the characteristic inflexion in the shrinkage curve, however,
indicates that the phase transformation drastically reduces both inter
and intra aggregate shrinkage rates'. It is possible that due to poor
inter aggregate sintering in the high temperature calcined gel compacts
the phase transformation may be confined to individual or groups of
aggregates. Above the transformation temperature range (stage 3)
these aggregates may behave like individual grains facilitating
removal of the interparticle porosity, resulting in further
densification. The other two calcined powder compacts will obviously
show intermediate behaviour. Unfortunately, the scanning electron
microscopy did not reveal any differences between the microstructure
of high and low temperature calcined gel compacts sintered below and
above the transition temperature T.•t
. Although the present work was carried out only on Balgel (MgO) 
powder, it is expected that other gels would also exhibit similar 
behaviour* It is interesting to note that Katkin et al (15) have 
studied hot pressing behaviour of G.G.alumina potfders calcined at 
500°G and 900°C. They also observed that shrinkage in the stage 2
reduces with increase in calcination temperature, whereas it 
increases in the stage 3.
4*4*3. Effect of impurity additions?
Effect of adding an impurity, which stabilizes the low 
temperature rnetastable phases up to higher temperatures, studied 
during the present investigation (section 3«4»4«) clearly indicates 
that such a stabilization is beneficial for the densification of the 
gel compacts. Since the increased densification takes place only 
in the second stage sintering of the gel compacts, as can be seen from 
Fig. 78, it is clear that increased densification must be due to rapid 
sin-fcering of the rnetastable phase matrix, because the characteristic 
transitional shrinkage behaviour does not change with the impurity 
addition. This experimental observation also provides support to 
the explanation put forward in section 4*3*1*? on the basis of 
transmission electron microscopic evidence, that rapid rate of 
shrinkage observed in the stage 2 is predominantly due to sintering 
of the rnetastable phase matrix.
The X ray analysis (section 3.4*4*) indicates that addition 
of thoria raises the temperature at which the onset of the trans­
formation takes place (from 1150°C observed for Balgel (MgO) to 
approximately 1275°^ for thoria. doped Balgel). Since the 0— > a phase 
transformation occurs by a nucleation and growth process, it would 
seem likely that thoria. addition in some way prevents a phase 
nucleation occurring at lower temperatures. Lucke and . Detert (125) 
have suggested tha.t addition of impunity element which forms solid 
solutions with the parent material may considerably reduce the 
nucleation and growth rates. Because solute elements tend to 
segregate along the interpha.se interfaces and may increase the 
activation benrier for diffusion across the interface. The effect 
is expected to be pronounced for solute elements which differ in 
their atomic radii or valancies from the solute element. Since 
thorium ion has much larger ionic radius compared to aluminium ion , 
it would seem likely that the stabilization is a solid solution 
effect. However, the X ray analysis indicates that thoria is 
predominantly present as a second phase and slight mutual solid 
solubility could be observed only in the transformation temperature 
range. Nevertheless, it is possible that very small amount of 
thoria,below the defection limit, dissolves in the rnetastable
alumina which is sufficient to retard the transformation.
i
The above explanation is purely speculative,.much more work 
is necessary to understand the exact role played by thoria in 
'stabilizing the low temperature phase.
4«5 Summary
It has been shown that the polymorphic phase trains format ion 
from metastable to the stable phase in the gel compacts occurs by a 
nucleation and growth process# The observed nucleation rate appears 
to be high than can be accounted on the basis of the classical homo­
geneous nucleation theory and it is concluded on the basis of classical 
critical free energy considerations that, nucleation during the 
phase transformation in the gels occurs heterogeneously. However, 
it was not possible to identify initial energetically favourable 
nucleation sites. Further work is also necessary to rigorously test 
the nucleation phenomenon during the 0— $>a phase transformation against 
the classical nucleation theory.
The growth of the a phase occurs by a thermally activated 
interface controlled process. . It has been shown by electron microscopy 
that the fine pores within the metastable phase matrix of the porous, 
gel compacts are redistributed in the form of elongated interconnected 
pores, -and are left behind end effectively trapped within the growing 
a grains. A geometrical model has been proposed to account for the 
observed redistribution of the porosity. The model and interface 
migration kinetic considerations indicate that the interface is 
pinned by the pores and cannot migrate unless the pores are redistributed.
The microstructural details observed by transmission electron 
microscopy during the simultaneous sintering and the phase trans­
formation in the gel compacts have led to a better explanation for 
the anomalous sintering behaviour of this material. It has been shown 
that the poor sinterability of the gel compacts, in spite of extremely 
fine particle and crystallite size of the starting material, is mainly 
due to grain growth and effective trapping of pores within the 
growing a grains. Preventing the transformation to occur at lower 
temperatures by an impurity addition, which stabilises the low temperature 
metastable phases to higher temperatures, results in improved 
densification.
GENERAL COITCLUSIONS
The following conclusions may he drawn from the results of 
the present works
All the hoehmitic gels and Cerahydrate powder convert to 
Y alumina on dehydroxylation: Bulgel, G. C.alumina and Cerahydrate
convert to both 5 and q phases before converting to the stable a form. 
Baymal on the other hand directly transforms from y to 0 and then to a „
Crystallite and particle size of all as received gels is 
extremely fine. The crystallite size does not change appreciably on 
dehydroxylation. -
During the non-isothermal sintering, the gel compacts commence 
sintering at much lower temperatures compared to commercially avadlable 
alumina powders'like Linde A and 1 |im a alumina. The compacts continue 
to sinter rapidly until they convert almost to 90$ a alumina, after that 
the densification rate abruptly drops almost to zero. It has been 'shown 
that the rapid rate of shrinkage in the polymorphic transformation 
temperature range is predominantly due to the sintering of extremely fine 
metastable alumina matrix derived from the gel. The transformation to 
the a form in fact inhibits densification due to grain growth and 
effective trapping of the pores within the growing a grains*
The predominant mechanism of material transport during the 
initial stage sintering of the metastable alumina appears to occur by 
grain boundary diffusion. The polymorphic phase transformation occurs 
by a nucleation and growth process which is diffusional in character.
It has been shown that considerable redistribution of the porosity during 
the growth of the a phase occurs due to pinning of the migrating 
interface by the fine pores within the metastable phase matrix. The 
interface cannot migrate unless some of the fine pores lying along 
the interface ar?- removed. This removal of porosity occurs by enhanced 
diffusion of'vacancies along the interface from smaller to larger pores, 
thus effectively sweeping aside the porosity and producing "finger-like"
growth. A geometrical model has been proposed to account for the 
observed redistribution of the porosity.' The crystalline metastable 
phases transform to the crystalline a form without the formation of 
any transitional amorphous phase.
Densification rates of the gel compacts during the isothermal 
sintering are extremely low. This is a consequence of the microstructure 
developed during the phase transformation. The observed linear 
relationship between the density vs. log time plots in the temperature 
range 1000 - 1500°G is fortituous and is not representative, of the 
intermediate stage sintering of the gel compacts. It has been shown 
that on heating above 1600°C the gel compacts rapidly tend to form 
a pore grain boundary matrix structure and the compacts exhibit 
increased densification with time.
The overall non-isothermal densificniion of the gel compacts 
is not significantly increased by changing the rate of heating or 
calcining the gel powders before sintering. Sintering atmospheres 
also have no beneficial effect. It has been demonstrated that addition 
of thoria in small amounts which stabilizes the low temperature 
metastable phase to high temperatures is beneficial to the densification 
of the gel compacts.
Suggestion for further work?'
The polymorphic phase transformation-in alumina gels requires 
further investigation. Although it was shown that the transformation 
occurs by a nucleation and growth process, the phenomenon could not be 
tested rigorously against the classical nucleation and growth theory.
In this respect it would be of value to study:
i) the time and temperature dependence of the amount of the
a phase formed,
ii) the time and temperature dependence of the nucleation rate,
iii) the time and temperature dependence of the growth rate.
The observation of the rate of transformation, though limited, were 
siifficient to indicate that, the rate of transformation above 1150 C are 
extremely rapid. Therefore the above kind of data, collection would 
require development of more 'sophisticated experimental techniques than 
have hitherto been used. To aid the formulation of a generalized
theoretical model of the growth process, it would be desirable to 
study sintering and phase transformation in a number of metastable 
aluminas derived in different ways*
More -work is needed to obtain a correct value of the. heat of 
transformation in the metastable to the stable phase transition in 
alumina* A number of thermal techniques would have to be used.
Specific surface area measurements by gas adsorption technique to separate 
the contribution from the surface energy term would be desirable.
A detailed wintering and microstructural investigation on 
the gel materials doped with phase stabilising impurities may prove 
to be of considerable scientific and technological interest. This 
kind of work may head to a possibility of producing dense translucent 
alumina ceramics at much lower sintering temperatures and times than 
hitherto possible. *
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AFPRNbik 'A'
From the diffraction pattern shown in Fig. 46 the average 
values of OP, 0Q, and OR are 2-.01, 2.31 and 1.12 cms respectively, 
so that OQ/O? = 1.15, OR/OP = O .557 and Oq/OR = 2.06. By inspection 
the planes corresponding to spots P, Q, R are-worked out and the 
diffraction pattern is indexed as shown below:
006 226
226006
The angles e and t] are worked out by using the cosine relationship. 
In the case of hexagonal lattice if h^  , k^ l^.and k^, 1^ are the
Miller indices of two intersection planes then the angle' between 
them is given by
2I 
T
£c‘hl h2 + k l k2 + «(hl k2 + h2k P  + T 7  h  12
cos l}>
ix. 2 , . 2 ■ . 3a2 _ 2w ,  2 , 2 "  . . , 3a2 , 2%
>/(h k + 1 1 + 2 1 2 + K2 + 2 2 . 2  2 ^
4c 4c
where a and c are the lattice parameters of the hexagonal lattice.
The angles e and ^ .were calculated to be 29° and 90° respectively 
and-were found to be correct on.measuring directly from.the diffraction 
pattern.
Similarly the diffraction pattern shown in Fig. 47 was 
indexed and is shown below:
202
024
222202
226
OP, Oq and OR were measured to be O.7 2, 1.2 and O .636 cms respectively; 
and angle co and <}> were 25° 4 5* and 29° 45* respectively.
.£11 1 jJ. r; .U J.il XJ
Solution of the diffraction pattern shown in Fig. 48 
Dia. of rings in cms I ’d1 spacing X phase
1.14 w 4*P e
1.75 w 2.85 0
2.00 ■. ' w 2.43 . 0
2.15 w 2.24 0
2.44 s 2.01 0
' 2.74 'w 1.73 0
3.18 w I .54 0
3.28 w 1.49 0
3 . 5 0  s  1 . 4 0  0
3 . 8 5  VI 1 . 2  6  0
4.07 w 1.19 -
I = Relative intensity, s = strong, w'= weak
APPENDIX •C *
i)
The solution of diffraction pattern’ shown in Fig. 49* 
Solution of the diffraction ring patterns .
diff. rings I f & ’ spacing phase
1.74 m. 2.82 e
1.93 m 2.47 6
2 .15 m 2.28 5
2.47 m 1.98 6
3.50 c* •1.40 e.
The camera constant worked out‘from the solution of diffraction rings is 
6 6 .4 cms using the formula
■ f  - L A
where D = diameter of the diffraction ring (cms)
L - camera constant (cms) 
d = interplanar spacing (X)
X - wavelength of the 100 KV electron ‘beam = 0.037 X
ii) Using the above camera constant, the solution of the single
crystal diffraction pattern was obtained corresponding to the a phase. 
The solution is shown below:
OA = 2.27 cms, OB - 1.75 cms, 00 1.73 cms, and OD = 0.955 cms, and 
angles p = 23°l3', $ = 71°5o\
030124
Solution of the single crystal diffraction pattern shown 
in Pig. 60 is shown helow
OA = 0*7 cms and angle = 60°
210
no
T202 10
Solution of the diffraction pattern shown in Pig. 6l is given below?
i) Solution of the diffraction ring pattern?
of diff. rings (cms) I !df spacing phase
1.16 ra 2.85 0
1.35 w 2.43 0
1.64 s 2.01 0
2 .15 w 1.54 0
2.31 s 1.40 0
2.82 VI 1.14
3.04 VI --
4.02 VI -
The camera constant worked out from the solution of 
diffraction rings is 44*5 cms.
ii) Using the above camera constant, the solution of the single
crystal diffraction pattern was obtained corresponding to the e phase. 
The solution is shown below?
102
102 015
OA = O .466 cms, OB = 1.046 cms, OG = 0.775 cms, and 01) = 0.7375 cms; 
and angles a and p are approximately 6rJ°20' and 43°5f respectively.
i u  a j-iir: j j  a.
i) Solution of the 'polycrystalline diffraction ring pattern shown
in Fig, 62 is given "below2
Dio.
ii)
of rings in cms. I *d& spacings A phase
0.75 4*5 0
1.22 S 0 2.72 0
1.46 2 .24 0
{_
l
• ro 1.91 0
1.92 1*73 0
2 .24 1.49 0
2.42 V.Se 1.39 0
2 .67 1.26 0
2 .85 1.16
2.96 1.12 —
Solution of the polycrj'-istalline diffraction ring pa-
Fig. 67 is given helow:
. of rings in cms I •d1 spacmgs a phase
0.78 s 2.28 The
0.90 ro 1*977 lines
1.27 m 1.40 corres;
1*55 w 1.14 to the
1.78 W 0.969 Y pha
2.01 V7 O .884
Appendix fFt
Observed * d * spacings for non-isothermally 
sintered Balgel specimens doped with 1«5 cation f> ThOg
Balgel ■+ ThOg - 1200°C Balgel *»- ThOg - 1225°C
a(2) I! phase &{l) 3j phase
5*539 v • w : 3*223 v.s ThOg
4*54 v.w. 2.812 s ThOg +0
•3*232 v.s ThOg 2.712 s 0
2.82 s 0 + ThOg 2.573 m
2.72 s 0 2.435 s -
2.578 w 2.305 m.s
2.442 m.s 2 .25 m.s
2.309 m 2 .16 v.w 8
2.256 m
0
2.016 m 0
2.018 rn 1.976 v.s 8
1.981 v.s 6 1.946 w 8
1.941 w 8 1.900 m G .
1 .8 99 w *0 1*791 w
1*794 w 1*764 v.w
I .685 s ThOg 1*724 v.w
1.613 m ThOg I .684 s ThOg
1*537 w 1.611 m ThOg
1*509 v.w 1.565 v.w
1.483 v.w 1*536 m
1.451 m 1*507 w
1.418 V  • w 1*477 w
1.402 m ThOg 1.45 m
1.386 s 1.419 v.w
1.284 m ThOg 1.400 m ThOg
1.250 m ThOg 1.382 v.s
1.140 m Th02 1 .28 m ThOg
1 .10 v • w 1.249 m ThOg
1.07' w ThOg 1.226 v.w
>1.008 w 1.139 m Th°2
0.992 VI ThOg 1.104 w
0.946 w 1.075 m ThOg
v. s = very strong, s = strong, m = medium, w = vie alt 
v.w = very weak, F = visual estimation of intensity,
•d1 spacings beyond 1$ were observed but not reported in 
the tables. Only prominant lines of , and are 
indicated in column ' 3f*
Appendix *Ff conti nu e d
Balgel -1- Th02 - 1250°C Balgel + ThOp - I275°c
rd I phase d (1) I phase
5 c 46 w 5.46 w
4.535 W 4*512 w
3.235 V.S Th02 3.217 v.s Th0?
2 C 82 s ■0+ ThOo 2 .82 s 0+ ThOp
' 2 »72 s 0 2*71 s 0
2 c 58 w 2*56 W
2 c 44 m 2.437 m
• 2c31 w 2*299 w
2 .25: w 2.244 w
2* 167 v.w 2.077 V  • w
2 *022 m e 2.015 m 0
1c98 s Th° 2 1.974 s ThOp
1*902 m e 1.896 m 0
1*796 w 1.788 w
1.772 v.w 1.764 v.w
1.733 v.w • 1.73 v.w
1.687 s ThOp 1..68 s ThOp
1 * 616 w Th02 1.607 m ThOp
1*568 v.w I .568 w
1.542 w 1.537 m
1 .508 v.w I .504 V . w
1.486' v.w 1.438 w
1.453 w 1.449 m
1.423 V • w 1.418 w
1.402 m ThOp 1.401 m ThOp
1.384 s 1.381 s
1.282 m ThOp 1.281 m ThOp
1.257 m Th02 1.248 m Th02
1.14 w Th02 1.22 v.w
1.106 w 1.15 v.w ThOp
1.0765
)
w ThOp 1.128 w
Appendix tFi continued
Balgel + Th02 - 1300OCi Balgel + ThOp - 1345°C:
o
«
r
. ’\
I phase *(-?) r phase
4 .52 v.w 3.44 s a
3.463 m a 3.198 v.s ThOp
3 .24 v.s ThOg 2.78 s ThOg
2 .80 s 0 + ThOo 2.532 s
' 2.704' m 0 2.362 s
2.534 m 2.071 V. s a
2.43 m 1.971 s ThOp
• 2.36 ra 1.730 s
2.29 m 1.681 s ThOp
2.24 m 1.610 V.VJ Th02
2.074 s 1.594 v.s
2.009 m 1.505 w
1.972 m ThOp 1.399 s
1.892 ra 1.368 s
1.786 ra 1.281 m ThOp
1.730 m • 1.249 m ThOp
1.680 s ThOp 1.235 m
1.609 V.VJ 1.185 w
1.594 s 1.141 ra ThOp
1.539 W 1.123 w
1.502 V.VJ 1.096 w
1.482 V7 1.075 ra ThOp
1.450 V7 1.040 w
1.416 V7 1.015 V.VJ
1.398 S ThOp ? 0.996 VJ
1.381 s 0.989 w ThOp
1 .366: m
1.280 s Th°2
1.249 m ThOp
1.235 w
1.187
>
v.w
Appendix !F!
Balgel + ThOg — l6Q0°C
a ( £ ) I phase
3*446. s a
3*192 . v.s. ThOg
2*76 s ThOg
2*528 s a
2*356 m
2*071 v.s a
1*971 s ThOg
1*730 s a
1*678 s ThOp
1*591 s ThOg
1*501 v.w
1*397 s ThOg
1*369 s
1*280 w ThOg
1.249 W ThOg
1.233- w
1,186 w
1.142 W ThOg
•1.121 w
1*075 m ThOg
1.040 w
0*996 w
0.987 v.w. ThOg
0.944 m ThOg
0*930 w T h 0 2
0*906 1!
0.898 It  •
O .884 It T h 0 2
O .857 II f h 0 2
0*829 I I
0.806 II
0*797 I I
0.791 I I
0*783 I I
0.777 II
